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ABSTRACT 
 The pet food market follows human nutrition trends such as being gluten-free, non-
genetically modified, and wheat-free. Additionally, alternative sources of grains and carbohydrates 
are needed to feed production animals, companion animals, and the growing human population. 
Sorghum bicolor is an ancient cereal grain that is highly adaptable and non-genetically modified 
making it a prime candidate as a replacement carbohydrate source for corn. Furthermore, the use 
of feed technologies such as extrusion, which can potentially increase nutrient digestibility and 
animal performance, is increasing in the nutrition sector. However, the current scientific literature 
on the use of sorghum in companion animal diets and the effects of extrusion on sorghum nutritive 
value is limited. 
 The overall objective of this research was to evaluate two varieties of sorghum, red (RSH) 
and white (WSH), and the impact of extrusion on nutrient profile and in vivo nutrient digestibility 
and hindgut fermentation using multiple animal species. Thus, the research aims were to 1) 
compare RSH and WSH as the primary carbohydrate source in comparison with corn in extruded 
diets for adult dogs and cats, evaluating apparent total tract macronutrient digestibility, fecal 
characteristics, and fecal fermentative metabolites and microbiota, 2) compare the nitrogen-
corrected true metabolizable energy (TMEn) and amino acid digestibility of the raw and extruded 
RSH and WSH grains using the precision-fed rooster assay, 3) compare the raw and extruded RSH 
and WSH grains in broiler chick diets by evaluating weight gain, feed intake, and feed efficiency, 
and 4) compare the raw and extruded RSH and WSH grains on total tract nutrient and energy 
digestibility by pigs.  
 In our first aim, we determined that inclusion of 30% of either sorghum variety did not lead 
to any negative health effects. For the canine study, all diets were well digested by the dogs and 
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apparent total tract digestibility (ATTD) for dry matter (DM), organic matter (OM), crude protein 
(CP), and acid hydrolyzed fat (AHF) were not different from corn (P > 0.05). Digestibility values 
for all those criteria were >80% and metabolizable energy was consistent for all dietary treatments. 
However, ATTD of total dietary fiber (TDF) differed (P < 0.05) with WSH having the highest 
ATTD (62.7%), corn having the lowest (52.1%), and RSH being intermediate (57.8%; P > 0.05). 
Most fecal metabolites (i.e., ammonia, isobutyrate, isovalerate, valerate, butyrate, and propionate) 
were not different (P > 0.05) among the three dietary treatments. However, acetate and total short-
chain fatty acids (SCFA) were greater (P < 0.05) for RSH compared with WSH, with corn being 
intermediate. Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria were the major phyla 
observed in the fecal microbiota of dogs fed the three experimental diets, with no differences seen 
amongst all treatments. For the feline study, ATTD of DM, CP, and AHF were not different 
amongst all three dietary treatments, while OM was greatest (P < 0.05) for both sorghum diets 
(86.4% for both) and lowest for corn (84.2%). Apparent total tract digestibility of TDF was greatest 
(P < 0.05) for WSH and RSH (56.0% and 53.2%, respectively) and lowest for corn (44.7%). 
Digestible energy concentrations were highest (P < 0.05) for WSH (4.66 kcal/g) and lowest for 
corn (4.54 kcal/g), RSH was intermediate (4.64 kcal/g; P > 0.05). Most fecal metabolites were not 
different among the three dietary treatments, but total phenol/indole concentrations were lower (P 
< 0.05) for the RSH diet compared with the corn diet. Similar to the canine study, Bacteroidetes, 
Firmicutes, Fusobacteria, and Proteobacteria were the major phyla observed in the fecal 
microbiota of cats fed the three experimental diets, with no differences seen amongst all treatments. 
 In our second aim, we determined that TMEn did not differ among raw corn, RSH, and 
WSH, but extrusion increased (P < 0.05) the TMEn of RSH in conventional roosters and WSH in 
cecectomized roosters. The standardized amino acid digestibility of all grains was greater than 
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75% except lysine for raw WSH and extruded RSH. Extrusion increased the digestibility of 
arginine, histidine, lysine, methionine, threonine, and tryptophan in WSH and increased 
tryptophan in corn. However, extrusion decreased leucine, alanine, and glutamate in extruded 
RSH. The third aim consisted of incorporating 62% of raw and extruded grains into experimental 
diets for growing broiler chicks for 14 days. The results of our third aim showed little to no 
improvement in broiler performance when the grains were extruded. Extrusion decreased feed 
efficiency for chicks fed corn and RSH. Additionally, the raw variety of WSH was inferior to raw 
corn, with raw RSH being inferior to raw corn in body weight gain and not different from raw corn 
in feed efficiency.  
 In our fourth aim we conducted an experiment to determine ATTD of macronutrients and 
energy in swine. The ATTD of AHF for extruded RSH was greater (P < 0.05) compared with its 
raw counterpart, with no differences in ATTD of macronutrients for corn or WSH. Extrusion 
increased (P < 0.05) the digestible and metabolizable energy concentrations of the WSH ingredient 
and also a diet containing 97% WSH, with no effect of extrusion for corn or RSH.  
This research provided justification for incorporating the varieties of sorghum used in the 
current study into companion animal nutrition. The beneficial effects of using sorghum and 
utilizing the extrusion process on grains for poultry nutrition appears to be limited based on the 
results of the rooster and broiler chick assay. Finally, extrusion of this variety of WSH holds 
potential for swine nutrition and further research is needed to determine the feasibility of using 
extruded cereal grains in swine diets.  
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CHAPTER 1:  
INTRODUCTION 
While there is no metabolic need for carbohydrates, in general, there is a specific metabolic 
need for glucose. Digestible carbohydrates are macronutrients which provide a dietary source of 
glucose, supplying the host with energy through digestion and metabolism. Typically, 
carbohydrates contribute 45-60% of total feed intake with corn, rice, wheat being the predominant 
carbohydrate sources in monogastric nutrition (Maughan, 2013). However, not all areas are able 
to successfully grow these grains, expanding the need for other grains to fill the role. Sorghum 
bicolor is a potential candidate as a novel carbohydrate source, as it is one of the top five cereal 
grains produced in the world with the U. S. accounting for 70% of the world trade and 15% of the 
worldwide production (Awika and Rooney, 2004; Reddy and Reddy, 2019; USDA-FAS, 2018). It 
has a similar composition to corn, polished rice, and hard red wheat (NRC, 2012). Depending on 
the chosen variety and processing methods, sorghum can be utilized in many animal species and 
even in human nutrition.  
Currently, poultry, swine, and cattle industries incorporate sorghum into dietary rations 
with a growing number of companion animal companies including sorghum into their food 
products (15 pet food companies as of 2018; Sorghum checkoff, 2018).  Thus, chapters 3 and 4 
evaluated the effects of including white and red sorghum into extruded companion animal diets at 
a 30% dietary inclusion rate. Previous studies (Twomey et al., 2002; Carciofi et al., 2008; de-
Oliveira et al., 2008) showed no detrimental effects on nutrient digestibility in canines and felines 
when sorghum was included in the diets. However, these studies only evaluated one variety of 
sorghum and did not determine the effects of sorghum on microbiota and fermentative end-
products. The current studies will be reviewing the effects of a red and white variety of sorghum 
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on apparent total tract digestibility (ATTD), fecal characteristics and metabolites, and impact on 
fecal microbiota and how the sorghum varieties compare with a control corn diet.  
 Compared with corn-based diets, sorghum has typically been regarded as an inferior 
grain for poultry nutrition (Selle et al., 2014). However, part of that negative reputation may be 
caused by steam pelleting sorghum-containing diets. Steam-pelleting sorghum-based diets can 
reduce protein solubility through the formation of disulphide cross-linkages (Selle, 2011). 
Sorghum can contain anti-nutritional factors like tannin, non-tannin phenolic compounds, and 
traditionally has more phytate than other grains (Selle et al., 2014). Through the use of shear 
force and thermal energy, extrusion can lead to starch gelatinization, partial protein denaturation, 
and feed sterilization (Rodrigues et al., 206; Rahman et al., 2015). These properties could 
potentially improve digestibility of sorghum and increase feed intake and animal performance. 
Chapter 5 was conducted to determine the applicability of sorghum in non-steam-pelleted poultry 
diets and the effects of extrusion on nitrogen-corrected true metabolizable energy (TMEn) and 
amino acid digestibility in roosters, and body weight gain, feed intake, and feed efficiency in 
broiler chicks. Using the same grains as in Chapter 5, two experiments were conducted in 
Chapter 6 to determine the effects of extrusion on sorghum and corn for application in swine 
nutrition. The experiment was conducted to test the hypothesis that extrusion might increase in 
ATTD of macronutrients and digestible and metabolizable energy of swine diets.    
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CURRENT CARBOHYDRATE USAGE AND SORGHUM PRODUCTION 
Corn Usage 
Carbohydrates are macronutrients that supply energy to the host through digestion and 
metabolism providing a dietary source of glucose. Currently, the predominant carbohydrate source 
in most monogastric diets is either corn, wheat, or rice. Corn, however, is the most abundant crop 
in the U.S., and this cereal grain is used by numerous feed mills and pet food manufacturers located 
in the Midwest. In addition, corn also is used for non-cellulosic-based ethanol production 
(Donohue and Cunningham, 2009). However, corn production relies on successful harvests year 
after year, which is influenced by the number of acres planted, yield per acre, and weather 
conditions (Donohue and Cunningham, 2009). A typical poultry diet can contain as much as 50-
60% corn (Haeffner et al., 2003; Donohue and Cunningham, 2009). Furthermore, every $0.10 per 
bushel increase in corn adds $0.001 in feed ingredient expenses per pound (i.e., 454 g) of live 
weight produced chicken (Donohue and Cunningham, 2009). Feed costs account for 70% of 
operating costs for a poultry producer, with similar levels of corn usage and costs observed in the 
swine industry (Hussein, 2017).  
Increases in costs for producers and the variability associated with crop production 
emphasize the need to have a variety of carbohydrate sources available to use in feed and diet 
formulation. A potentially suitable carbohydrate source is the grain sorghum. Sorghum is 
especially suitable for U.S. animal production and companion animal feed/food systems because 
the U.S. grows sorghum in 14 states (Kansas is the largest producer), is the world’s largest exporter 
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of the grain, and accounts for about 70% of the world trade of sorghum (Reddy and Reddy, 2019). 
Currently, the U.S. uses a significant portion of the sorghum produced domestically for use in 
livestock feed. However, the amount dedicated to livestock feed has decreased steadily over the 
past 40 years due to other emerging markets that are able to pay premiums for the sorghum such 
as the ethanol and pet food industries (McCuistion et al., 2019).   
 
Sorghum Production  
Sorghum (Sorghum bicolor) is a cereal grain consisting of either white, yellow, red, brown, 
or black endosperms. The main chemical composition on a dry matter basis of the sorghum grain 
is similar among different color variations, being comprised mainly of starch (~75%), protein 
(~12%), lipids (~4%), crude fiber (~3%), and ash (~ 2%; Hwang et al., 2002). The composition is 
similar to other carbohydrate sources used in monogastric animal nutrition. The chemical 
composition, with associated metabolizable and net energy values, of sorghum, corn, polished rice, 
and wheat (hard red) are listed in Table 2.1 (NRC, 2012). Most values are similar with the greatest 
differences observed in crude protein content between sorghum and wheat, which is expected 
because any citation using a wheat grain with crude protein content equal to or greater than 11% 
was classified as ‘wheat-hard red’ (NRC, 2012). The starch content of sorghum (70.05%) was the 
second greatest, with polished rice being the highest at 83.59% (Table 2.1). Table 2.2 presents the 
proximate composition of a red and white sorghum (Selle et al., 2014). This table is provided as 
an example of how varied sorghum grains can be. Red sorghum had a higher protein, fat, kafirin, 
and phenolic compound content compared with the white, but the white variety had more starch 
and fat (Table 2.2).  
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According to the USDA-FAS (2018), world sorghum production is estimated to be 
approximately 58.8 thousand metric tons. The U.S. is the largest producer of this cereal grain, 
accounting for approximately 15% of its production worldwide. Sorghum is an important 
commodity, being ranked among the top 5 cereal crops produced worldwide, exceeded only by 
wheat, rice, corn, and barley (Awika and Rooney, 2004). Compared to other cereal grains, sorghum 
crops have the advantage of high adaptability to wide eco-agricultural areas and require less 
fertilizers. In human and pet nutrition, sorghum has gained increased attention as a gluten-free and 
non-genetically modified whole-grain option. 
Areas that experience frequent droughts typically have difficulty producing crops. 
However, sorghum is a crop suitable for these areas because of its greater photosynthetic ability 
and nitrogen and water use efficiency compared with other grains (Reddy and Reddy, 2019). The 
use of both the grain and stover are highly valued commodities depending on the production 
system and the part of the world it is grown, making it a dual-purpose crop. Depending on the 
cultivar and the strain, different attributes may be observed such as drought resistance, chilling 
sensitivity, antinutritional (e.g., phytate, tannin, etc.) content, yield amount, pest and mold 
resistance, and varieties better suited for different soil types, stressing the importance of 
understanding where the crop is being grown and for which production system (Reddy and Reddy, 
2019). These production systems include grain for human and animal (e.g., swine, poultry, or 
cattle) nutrition, and the stover for fibrous products and ruminant nutrition or cellulosic biofuel 
production. The International Sorghum and Millet (INTSORMIL) Collaborative Research Support 
Program is a research organization that began in 1979 at the University of Nebraska to improve 
production and utilization of these grains worldwide. Through this organization, drought and 
disease tolerance were improved in U.S. lines of sorghum, which then were incorporated into 
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African and Latin American production systems. This aided in the fight against malnutrition in 
those areas (Reddy and Reddy, 2019). Increasing scientific effort to better characterize and 
evaluate this underutilized crop can aid in improving its use in human and animal nutrition, and its 
resilience to the abiotic and biotic stressors mentioned previously.  
Some sorghum varieties are considered ‘hard’ while others are considered ‘soft’, with 
increasing protein and karifin (i.e., sorghum prolamin a storage protein rich in proline and cysteine 
content) concentrations typically associated with harder sorghum (Selle, 2011; Taylor and Taylor, 
2018). Harder varieties have increased resistance to insect damage, bird damage and molds, but 
require more energy input during the milling process to achieve desirable particle size, potentially 
making hard sorghum a more costly addition to feed compared with softer sources (McCuistion et 
al., 2019). Particle size is only one aspect of sorghum processing that can impact nutritive 
availability. Some anti-nutritional aspects of sorghum would be karifin content, phenolic 
compounds, phytate content, and tannin content. When red and white sorghum varieties were 
compared, the red variety had higher concentrations of phenolic compounds (3.52 and 2.02 mg 
gallic acid equivalents/g DM, respectively), had a higher karifin index (5.9 and 4.1 g/kg, 
respectively), and contained more phytate than the white sorghum (2.60 and 1.90 g/kg, 
respectively; Selle et al., 2014). While tannin content in the majority of contemporary sorghums 
used for animal feed in Australia and the U.S. has mostly been removed (Selle et al., 2010), the 
Clorox bleach test can be used to assess the presence or absence of pigmented testa. If there is 
pigmented testa, the sorghum contains condensed tannins (Selle et al., 2014). These anti-nutritional 
components, especially the non-tannin phenolic compounds, are associated with lower starch 
digestibility by reducing starch hydrolysis and glucose absorption through inhibition of sodium-
dependent glucose transporters, leading to depressed energy utilization in the animal (McCuistion 
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et al., 2019). Phytate is common in all plant feedstuffs, and sorghum is no exception. Phytate is 
associated with decreasing availability of more nutrients than just phosphorus; calcium, trace 
minerals, amino acids, and energy utilization all can be decreased by phytate (McCuistion et al., 
2019). However, the effects of phytate on swine and poultry have been well studied and well 
known for years, resulting in the almost universal dietary inclusion of phytate-degrading enzymes 
such as phytase in animal production systems (Selle, 2011; McCuistion et al., 2019).  
Coincidentally, the same hindrances that deter the use of sorghum in animal nutrition make 
this grain especially suitable for human nutrition. There is currently a rise in chronic diseases that 
are linked to excess caloric intake with excess carbohydrate consumption. Most of the polyphenol 
anti-nutritive properties that may be beneficial for human nutrition are located in the bran fraction 
of the crop; however, if they are removed through processing, then they may become less useful 
in human nutrition (Girard and Awika, 2018). While polyphenolic compounds and slow 
digestibility of the endosperm starch in sorghum are negatives in production animal systems 
attempting to maximize growth performance in a short amount of time, these effects may be 
beneficial for humans and companion animals. Some benefits from sorghum intake may include 
lessened oxidative stress, improved lipid metabolism, suppressed fat accumulation, altered gut 
microbiota improving colon health, and reduced insulin resistance (Girard and Awika, 2018). 
Some of these effects need tannins to achieve the desired result. Since sorghum production in the 
US typically consists of tannin-free sorghum, niche production of high tannin-containing sorghum 
may begin to increase. It appears the reduced glycemic response of sorghum is mostly independent 
of the phenolic profile of the grain, indicating the endosperm plays a large part in the glycemic 
response (Girard and Awika, 2018).  
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Beyond slow starch digestion, sorghum also aids in slowing gastric emptying and increases 
satiety compared with other grains. However, most of the commercial manufacturing and 
processing conditions/systems that are currently in place are not made to handle sorghum 
efficiently. Additionally, processing sorghum can lead to kafirin cross-linkages. These will reduce 
the ability of the starch granules to swell when hydrothermally processed, impacting starch 
gelatinization (therefore, digestibility) and starch interaction with the diet matrix hindering texture 
development of foods (Girard and Awika, 2018). Formation of kafirin cross-linkages is a benefit 
for diabetics and obese subjects, as it impacts the digestion and metabolism of starch granules by 
the host. Sorghum can impact the current health market through the aforementioned properties. 
However, changes in the production stream from farm to miller to baker/producer need to be made 
to handle the unique characteristics of sorghum compared to traditional grains and those 
independent producers need to work together to be successful (Longin and Würschum, 2016; 
Girard and Awika, 2018). 
SORGHUM USAGE IN MONOGASTRIC DIETS  
Overview  
While there is no nutritional requirement for carbohydrates, there is a metabolic 
requirement for glucose. Carbohydrates, specifically starch, are an ideal source of dietary glucose. 
These sources contain amylose, the non-branching α-1, 4 glucose linkages, which account for 15-
30% of cereal starches (Cummings and Stephen, 2007), and amylopectin, the branching linkages 
that contain both α-1, 4 and α-1, 6 (Gray, 1992). Western diets typically contain about 45-60% of 
carbohydrates, providing energy, texture, and palatability (Maughan, 2013), making starch the 
largest contributor of daily caloric intake to the global population, and representing about 40% of 
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the total world energy intake (Svihus and Hervik, 2016). However, the human and animal body 
require more than just calories; they require nutrients. Providing only an abundance of digestible 
carbohydrates is not a simple solution to malnourishment. Furthermore, in developed countries, 
people are at risk of cardiovascular disease, diabetes, obesity, and other health problems due to the 
excessive intake of calorie-rich foods. If energy intake is at or above the caloric requirement, the 
excess carbohydrates will be stored as triglycerides in adipose cells (Maughan, 2013; Svihus and 
Hervik, 2016).  A secondary source of carbohydrates for the host would consist of the body’s 
endogenous glycogen stored mainly in the muscle and liver. The body pool for total carbohydrate 
storage is typically 300-500 g for the average 70 kg male, with the liver typically storing 80 to 100 
g of glycogen at a time, with the remainder stored in the skeletal muscle (Maughan, 2013). 
However, only hepatic glycogen can be circulated in the host and used systemically whereas the 
glycogen stored in muscle is predominantly metabolized locally (Dashty, 2013). Similar to human 
foods, carbohydrates can comprise a significant portion of the daily caloric intake of animal feed 
and companion animal foods. Traditionally, extruded and retorted pet foods may contain 30 to 
60% and 0 to 30% of carbohydrates, respectively, most of which will be in the form of starch (De 
Wilde and Jansen, 1989). Muscle glycogen concentration in non-exercising dogs has been reported 
to be approximately 7.2 g per kg body weight (Reynolds et al., 1995).  
 
Poultry and Swine Sorghum Usage 
Currently, sorghum is mainly utilized in feed of poultry, swine, and cattle, and to a lesser 
extent in companion animal diets. While sorghum traditionally was considered an ‘inferior’ grain 
compared with corn and wheat, proper formulation and processing can change this perception. 
Most of the anti-nutritive properties, except phytate, in sorghum are present at a higher 
concentration than other grains and potentially work in tandem together to influence total anti-
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nutritional properties in the grain (McCuistion et al., 2019). When diets were steam-pelleted, the 
activity of pancreatic amylase was hindered by kafirin which negatively impacts starch granule 
expansion, eventually leading to decreased energy utilization by broiler chicks. Similarly, Truong 
et al. (2017) analyzed six varieties of sorghum (five red, one white) with crude protein content 
ranging from 80.9 to 137.1 g/kg and found when kafirin concentrations increased (ranged from 
41.4 to 67.1 g/kg), the metabolizable (ME): gross energy (GE) ratio decreased (ranged from 0.753 
to 0.703, respectively), indicating kafirin compromises energy utilization. This is because at the 
end of the small intestine, less starch relative to protein was being digested and absorbed. While 
kafirin constitutes approximately 15% of the total protein content in a complete broiler diet where 
30% of the total protein is derived from the sorghum grain (Sell, 2011), the insufficiencies in the 
amino acid profile can be addressed by formulating diets based on least-cost digestible amino acids 
relative to lysine concentrations and increasing the dietary inclusion of fat to compensate for the 
lower energy utilization (McCuistion et al., 2019).  
Sorghum grain contains, on average, 70% starch consisting of 75% amylopectin and 25% 
amylose. The distal ileal starch utilization of sorghum has been reported to be 7% less than for 
corn in broiler chicks (mean average of 11 maize-based studies: 95.0%; mean average of 7 
sorghum-based studies: 88.3%), though this difference could be due more to the extrinsic negative 
factors (i.e., phytate concentrations, non-starch polysaccharides, and phenolic compounds) than 
the digestibility of the starch itself (Truong et al., 2016). Furthermore, some tannin-free varieties 
also showed decreased starch digestion, glucose absorption and, thus, lower energy utilization, 
indicating that not only tannin can exert these effects. Sorghum’s inherent polyphenolic and 
phenolic compounds, such as benzoic and ferulic acids, can be free, conjugated, or bound within 
the grain and impact nutrient digestion and absorption. Conjugated benzoic and ferulic acids 
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(which ranged from 1.36 to 31.29 µg/g and 24.59 to 38.43 µg/g, respectively) were negatively 
correlated to ME: GE ratios and the disappearance rate of starch along the small intestine of broiler 
chickens fed diets containing 62% of six different varieties of sorghum (Truong et al., 2016). 
Phytate, as mentioned earlier, is always a concern for more than phosphorus digestibility. Yet, the 
antinutritional impact of phytate in sorghum is typically observed to a lesser extent than kafirin 
and phenolic compounds. This is because phytate will diminish glucose absorption via sodium-
dependent transporters. For that reason, phytase enzyme is included in the diets to reduce the effect 
of phytates on these sodium pumps (McCuistion et al., 2019). However, phytase only reduces the 
impact of phytates in the diet and not the other antinutritive components of the grain. The impact 
of including 1000 FTU/kg phytase on sorghum diets containing 56% of this cereal grain was not 
as pronounced as its effect on a maize-containing diet, even though the sorghum diet had 
comparable concentrations of phytate with corn and wheat (2.47, 2.49, and 2.17 g/kg, respectively; 
Liu et al., 2014). With the inclusion of phytase, chicks fed the sorghum diet increased their body 
weight gain from 1316 g/bird to 1359 g/ bird and feed conversion ratio improved from 1.475 g/g 
to 1.466 g/g while birds on the maize-based diet increased body weight gain from 1235 g/bird to 
1387 g/bird and feed conversion ratio improved from 1.518 g/g to 1.457 g/g (Liu et al., 2014). If 
the sorghum varieties are low in kafirin and low in phenolic compounds, then the effect of phytase 
may be more pronounced.  
Similar to poultry, if the sorghum is ground to the appropriate particle size for the 
respective species and the diet is balanced for proper phosphorus and amino acid concentrations, 
sorghum can completely replace wheat and corn in swine diets (McCuistion et al., 2019). 
Currently, metabolizable energy values vary for sorghum fed to swine. Some values are higher for 
sorghum than for corn (3532 and 3395 kcal/kg, respectively; NRC, 2012) while others are lower 
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for sorghum than for corn (3315 and 3340 kcal/kg, respectively; Rostagno et al., 2011). A portion 
of that variation could be attributed to the variety of sorghum measured in each nutrition index. A 
unique consideration for swine producers is carcass fatty acid profile and fat firmness. Pork 
producers need to be aware of how ingredients will influence the swine carcass fatty acid profile 
because too much unsaturated fat can lead to more rapid oxidation, faster rancidity and greater 
difficulty of slicing bacon (McCuistion et al., 2019). Since sorghum has a greater concentration of 
saturated fatty acids (41.77%) and lower concentration of polyunsaturated fatty acids (12.73%) 
compared with corn (41.27% and 15.62%, respectively; Benz et al., 2011), sorghum has an 
advantage when considering how a grain will impact fat carcass quality. In terms of formulating 
for protein/amino acids, similar concerns are shared between the swine and poultry industries 
regarding kafirin and the amino acid profile of sorghum. However, when swine diets are 
formulated on a standardized ileal digestible amino acid basis, substituting corn with sorghum and 
the addition of a larger amount of synthetic lysine and methionine allow less soybean meal to be 
used. This lowers the overall cost of the diet and reduces the amount of nitrogen in swine waste, 
which may be beneficial for the environment (McCuistion et al., 2019). In addition to the lower 
amount of nitrogen being excreted, lower amounts of phosphorus may be excreted using a 
sorghum-based diet. The reasoning behind this is sorghum diets contain a higher proportion of 
digestible phosphorus (4.69 g/kg) compared with corn diets (4.43 g/kg) which means less dietary 
inclusion of inorganic phosphorus supplement is needed (Liu et al., 2014). The latter can lead to a 
lower cost in diet formulation and less phosphorous excretion and subsequent reduced run-off into 




Human Nutrition Sorghum Usage 
Recently, for human diets, there has been an emotionally driven consumer demand to 
incorporate non-genetically modified products that are gluten-free, novel, and perceived better for 
the environment (Longin and Würschum, 2016). This demand is observed more heavily in foreign, 
pet, and human food markets than in the animal production industry. Moreover, premium prices 
paid in the human and pet food markets make it difficult for incorporation of sorghum in animal 
feed production, because the human and pet food markets are able to pay a premium for sorghum. 
For instance, in 2017, the human food sector was paying a premium of 165% for sorghum 
compared with the swine industry (McCuistion et al., 2019), and animal production systems cannot 
feasibly pay those prices.  
Usually, due to the high amounts of anti-nutritional compounds, especially tannins, 
sorghum is discounted compared to corn (McCuistion et al., 2019). This occurs more often in other 
parts of the world because the U.S. produces only tannin-free sorghum varieties for enhanced 
utilization in the livestock sectors. Since grains contribute approximately 30% of the necessary 
protein to animal diets, in addition to the starch content for energy, it is important to choose an 
appropriate grain depending on the production system (Selle, 2011). Sorghum’s dominant protein 
fraction is kafirin (protein bodies) and glutelin (protein matrix), but kafirin supplies a low amount 
of essential amino acids (besides leucine) and has poor digestibility because of its structure and 
hydrophobicity tendencies (Selle, 2011). Depending on the location, climate, farm management 
practices, and genetics, the nutritive value of the grain can be variable. Nevertheless, sorghum 
tends to have a higher crude protein content (8.97% to 9.36%) compared with corn (7.88% to 
8.24%; NRC, 2012; Rostagno et al., 2011). Karifin content is difficult to measure and highly 
variable when it is. The high leucine content (1.21%; NRC, 2012) should be viewed with caution 
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because nutritional antagonisms resulting in compromised isoleucine and valine availability in 
poultry and decreased feed intake through gene expression of a mTOR-dependent mechanism can 
be induced by excessive leucine in poultry diets (Selle et al, 2010; Morrison et al., 2007; 
McCuistion et al., 2019). Karifin and glutelin can potentially impede access of digestive enzymes 
to the endosperm of the sorghum grain. Thus, lower karifin and glutelin concentration can improve 
protein quality in sorghum and may increase energy utilization of this grain (Selle, 2011). 
 
Companion Animal Sorghum Usage 
The US pet food market is expanding with a growth of $5.2 billion seen between 2018 and 
2019 (APPA, 2020), as such the market is continually looking for novel ingredients to use in their 
feed products. Additionally, these novel ingredients tend to follow human trends such as being 
gluten-free, non-genetically modified, and wheat-free, with sorghum fitting all of these categories. 
However, there has been limited usage of sorghum in companion animal diets due to a lack of 
nutritional data and acceptance by pet owners because of lack of recognition of the ingredient (Di 
Donfrancesco et al., 2018). Di Donfrancesco et al. (2018) engaged 30 pet owners over the course 
of 20 days for an in-home feeding trial with a new diet being offered every 5 days for a total of 4 
tested diets. Additionally, owners were asked to respond to two questionnaires taken halfway 
through and at the end of the study. The study found pets and their owner’s acceptance was high 
for an extruded whole sorghum diet containing 64.7% sorghum. Furthermore, sorghum has the 
added benefit of being a lower glycemic grain compared with rice or corn, and this could serve a 
useful purpose for geriatric, diabetic, or obese pets (Alavi et al., 2016). This is important to 
consider given that 55.8% of dogs and 59.5% of cats in the U.S. are classified as overweight or 
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obese (Ward, 2018). Obesity can lead to multiple other issues such as joint problems and type 2 
diabetes (Svihus and Hervik, 2016).  
Alavi et al. (2016) hypothesized the nature of the sorghum grain favors the production of 
under-gelatinized and RS when processed, limiting its digestion and absorption while 
simultaneously having the potential to modulate gut microbiota and metabolites in the animal. The 
fermentation of the RS produced during extrusion then would lead to short-chain fatty acid (SCFA) 
production, benefiting the host. Extruded canine diets containing approximately 50% sorghum had 
high digestibility (>80%) of dry matter, organic matter, crude protein, and starch (Alavi, 2017). 
This indicates that when properly processed and coated with palatants, as most extruded 
companion animal diets are, sorghum can be an acceptable alternative to rice or corn based on 
industry standards. 
When corn, brewers rice, and sorghum were included in extruded adult dog foods (49.0%, 
51.0%, and 46.1% inclusion, respectively), no detrimental effects in fecal quality were observed 
in the dogs, and the sorghum diet had a superior digestible energy content compared with the corn 
diet (4233 and 4136 kcal/kg, respectively; Twomey et al., 2002). de-Oliveira et al. (2008) 
formulated and extruded six different carbohydrate-containing diets, with one diet consisting of 
57.4% sorghum. They measured postprandial responses for both blood glucose and insulin and 
determined that sorghum had a lesser glucose response for mean concentration, maximum 
concentration, and area under the curve compared with corn, but corn and sorghum had similar 
insulin responses. Similar to results of de-Oliveira et al. (2008), Carciofi et al. (2008) examined 
the inclusion of six carbohydrate sources and their effects on postprandial glucose and insulin 
response using dogs instead of cats. Sorghum was included in the diet at 59.3%, and while the corn 
and sorghum diets resulted in similar ATTD of macronutrients, they differed in postprandial 
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responses. The corn diet had a faster time to glucose peak and greater area under the curve for the 
first 30 min, possibly indicating that the fiber content of the sorghum delayed and prolonged the 
glucose absorption period (Carciofi et al., 2008).  
Murray et al. (1999) compared various high-starch cereal grain flours in canine diets to 
assess the effects on nutrient digestibility and energy availability. Apparent total tract digestibility 
of diets containing 44.2% sorghum-flour on a dry matter basis had ≥80% ATTD for dry matter, 
organic matter, crude protein, fat, and starch. The results of the study indicated inclusion of more 
than 40% of sorghum-flour in extruded diets were well tolerated and digested by adult dogs 
(Murray et al., 1999).  
SORGHUM PROCESSING 
General Processing Information 
Modifying cereal grains by processing has the potential to increase nutrient digestibility 
and decrease anti-nutritional factors inherent in the grains. For instance, the extrusion process 
facilitates starch gelatinization, partially denatures protein and amino acid structures, sterilizes 
feed and ingredients as they exit the extruder barrel, and deactivates some anti-nutritional factors 
(Rahman et al., 2015). Extrusion uses thermal and mechanical energy via high temperatures and 
shear forces through the rotation of a single or twin screw inside of a barrel for a set period of time 
(Rodrigues et al., 2016). Steam-pelleting, however, is typically done for swine and poultry diets 
using high temperature and moisture to maintain pellet quality and ensure proper starch 
gelatinization (Liu et al., 2013). Pelleting also is done to assist the handling properties of the feed 
by reducing dust production, maintaining homogeneity of diet matrix, and reducing wasted feed 
(Muramatsu et al., 2015). But, if sorghum is included in the dietary matrix, the protein solubility 
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and digestibility may be impacted negatively by ‘wet-cooking’, making it a challenge for 
producers to process high quality diets with the necessary pellet quality (Liu et al., 2013).   
 
Processing for Poultry and Swine and Particle Size 
For broiler production, feed often is steam-pelleted; however, this may allow formation of 
chemical cross-linkages between the kafirin proteins and the starch granules. Sorghum protein is 
susceptible to ‘moist-heat’ mainly because of disulfide cross-linkages between β- and γ- kafirin in 
the periphery of the protein bodies, which can impede digestion of the α-kafirin located in the 
center (Selle, 2011). Alpha-kafirin constitutes 66-82% of the total kafirin content (Oria et al, 1995; 
Chamba et al., 2005; Selle et al., 2010), impeding α-kafirin digestibility can have severe impacts 
on overall amino acid availability. To prevent this, steam-pelleting temperatures should be kept 
lower than 82-90 ⁰C because higher temperatures can impact starch expansion by potentially 
having the starch-protein matrix collapse (McCuistion et al., 2019). Selle et al. (2014) reported red 
sorghum was more resistant to higher conditioning temperatures compared with white sorghum. 
When fed to broiler chickens a red sorghum diet resulted in a superior feed conversion ratio of 
1.534 g/g when steam-pelleted at 90 ⁰C, while there was an increase in feed conversion ratio from 
1.513 to 1.557 g/g for the white sorghum diet when processing temperatures increased from 70 to 
90 ⁰C (Selle et al., 2014). This indicates that different sorghum varieties may have a different 
response to processing conditions.  
For poultry production, particle size is less of a concern due to their digestive tract 
containing a gizzard that will function as a grinder. This is supported by Selle et al. (2019) who 
expected smaller particle sizes to be advantageous for weight gain and feed conversion; however, 
the study found the best results for weight gain efficiency were noted with the largest hammer-
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mill screen size of 6.0 mm which yielded a mean particle size of 1400 µm for red sorghum. For 
the ‘softer’ white sorghum, slightly finer particle sizes may be more beneficial. The best responses 
in weight gain and feed conversion ratio were observed using a 3.2 mm screen when compared to 
a 6.0 mm and a 2.0 mm screen size for a white sorghum variety (Selle et al., 2014). For the swine 
industry, finer particle size is essential to achieve optimal utilization. Reducing the particle size of 
sorghum can have a positive impact on feed efficiency of pigs and for every 100 µm decrease in 
particle size, a subsequent 1.23% improvement in the efficiency of weight gain was observed 
(Paulk et al., 2015). Paulk et al. (2015) found that a particle size of 319 µm improved feed 
efficiency by 5% when compared with a 724 µm particle size.  
Catechins are polymers in procyanidins, the tannin component of sorghum, and can have 
beneficial health effects in humans (Gu et al., 2008). To determine if extrusion impacted the 
bioavailability and absorption of catechins in sorghum, Gu et al. (2008) fed pigs one of three diets, 
a sumac sorghum, an extruded sumac sorghum, and a white sorghum (all sorghums were a mixture 
of 50% whole grain and 50% bran). Blood and urine samples were taken from each pig for analysis 
of catechins. The results of the study indicated extrusion improved the bioavailability of catechins 
by 50%. Additionally, the data indicated macromolecules (i.e., fiber and protein) may have been 
degraded releasing previously bound catechins and procyanidins, increasing the amount available 
for absorption (Gu et al., 2008). 
 
Extrusion and Particle Size of Pet Foods  
Companion animal nutritionists utilize extrusion as a thermal processing method for food 
manufacture. Compared to white polished rice, sorghum requires further grinding to reduce 
particle size to obtain a higher degree of gelatinization and potentially improving nutrient 
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digestibility. Murray et al. (2001) found sorghum starch fraction percentages changed while 
extruding at both low and high temperatures (low temperatures ranged from 79 – 93⁰C, high 
temperatures ranged from 124 to 140 ⁰C). On a dry matter basis, native whole grain sorghum 
contained 74.1% total starch, consisting of 36.8% rapidly digestible starch (RDS), 17.5% slowly 
digestible starch (SDS), and 45.6% resistant starch (RS1). Alternatively, extrusion changed the 
total starch percentage to 75.4 and 77.5, RDS to 65.1% and 90.3%, SDS to 14.4% and 7.0%, and 
RS1 to 20.5% and 2.7%, for low and high temperature extrusion, respectively (Murray et al., 2001). 
Extrusion at both the low and high temperatures increased organic matter digestibility (9.0% and 
25%, respectively) and total SCFA (5.61 and 6.47 mmol/g OM) compared with native sorghum 
(4.0% and 3.70 mmol/g OM; Murray et al., 2001). 
Bazolli et al. (2015) reported an increase in degree of starch gelatinization of 15% when 
sorghum was ground to a 300 µm size compared to a 450 µm size (86.7 and 71.7%, respectively); 
the degree of gelatinization for rice improved by 10% when ground to the same specifications 
(90.6 and 80.1%, respectively). When sorghum was coarsely ground (600 µm) and incorporated 
in a dietary matrix for adult dogs, a lower starch gelatinization was observed (62.4%) for this diet, 
but it also promoted saccharolytic fermentation in the hindgut, increasing fecal concentrations of 
butyrate in dogs fed the 600 µm diet compared with the 300 µm diet (154 and 88 mmol/kg DM, 
respectively; Bazolli et al., 2015). Llopart et al. (2014) observed differences in various nutritional 
and physical properties of raw versus extruded red sorghum. Phytic acid loss was measured and a 
loss of 39.8 to 50.2% occurred depending on the cooking temperature (164 – 200 °C). Additionally, 
total extractable phenolic content was reduced by 30 to 41% with the greater reduction observed 
at the higher moisture content (Llopart et al., 2014). Compared to the raw grain, extruded sorghum 
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had 25.4% less available lysine, but an increased in vitro protein digestibility of 31% (Llopart et 
al., 2014).  
The particle size of the raw material is a critical component to consider prior to extrusion 
process; not only affected by milling parameters, but also by intrinsic characteristics of the grain. 
Particle size may impact starch gelatinization, nutrient digestibility, fecal quality and output, and 
hindgut fermentation (Bazolli et al., 2015).  
For the addition of exogenous dietary enzymes to extruded canine diets, Twomey et al. 
(2003) reported no improvement in nutrient digestibility when 1000 mL of an enzyme solution 
(consisting of xylanase, α-amylase, β-glucanase, hemicellulose, pectinase, and endoglucanase) 
was incorporated into a diet with 55.2% sorghum. However, an increase (P < 0.05) in fecal score 
was observed in the enzyme-supplemented diet compared with the enzyme-free diet (2.48 and 
2.05, respectively; when using a 5-point scale; Twomey et al., 2003). These data indicate there 
was no benefit to including the enzyme solution in the diets as both fecal scores were within the 
Waltham fecal scoring system ideal range of 1.5-2.5; however, there may be a potential use for 
dogs suffering from constipation as the enzyme resulted in slightly looser stools. 
CHRONIC HEALTH CONDITIONS 
 If the appropriate inclusion and processing methods are not adhered to for the specific 
species of interest, high dietary carbohydrate inclusion may exacerbate chronic health conditions. 
If not properly managed, these conditions may decrease the quality of life and (or) longevity of 
humans and animals. Thus, nutritional strategies and feeding management are important for 
appropriate daily care of animals, and may aid in the management of chronic health conditions. 
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Similar to humans, the population of pet animals in the U.S. suffers from a high prevalence of 
comorbidities related to excessive calorie intake and body fat mass.   
Obesity 
Being the most important contributor of energy in a diet, starch has the potential to be an 
obesity-inducing macronutrient when net energy intake exceeds expenditures. Additionally, in 
developed and affluent societies, people rarely exhaust their glycogen stores via physical exertion 
and/or experience starvation for an extended period of time (Svihus and Hervik, 2016). Since 
starch (cooked) is readily digested/absorbed and storage glucose is restricted to glycogen, there is 
a need for a different type of storage for any excess glucose that remains after 
absorption/glycogenesis. The method the body uses to store this excess is through fat synthesis via 
de novo lipogenesis using acetyl-CoA as the substrate (Dashty, 2013). When the concentration of 
citric acid increases, the excess citrate can be used for fatty acid synthesis. The citrate is shuttled 
out of the mitochondria into the cytosol, where it will be denatured into acetyl-CoA, as acetyl-CoA 
cannot cross the membrane on its own (Dashty, 2013). While the adipose tissue and lactating 
mammary glands are also sites of de novo lipogenesis, the liver is the main location of this 
metabolic pathway. Insulin will induce the cells to use glucose preferentially as an energy source, 
thus saving dietary lipid sources from being oxidized as a source of energy which then increases 
the hosts’ body fat storage (Svihus and Hervik, 2016). Furthermore, the composition and source 
of carbohydrate may impact energy intake. As opposed to proteins, which have a stronger satiety 
effect (Mann et al., 2007), many energy-rich starch-rich products may be large contributors to the 
increased prevalence of obesity in our society. Potentially increasing the satiety effect related to 
ingestion of starch could lead to lower intake of highly concentrated sources of energy, such as 
carbohydrates, which can decrease the prevalence or severity of obesity. This could be achieved 
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through increasing particle size of the food source, increasing the dietary fiber content, and use of 
chemical modifications (e.g., resistant starch type 4) that may impair or minimize 
hydrolytic/enzymatic digestion by the host (Svihus and Hervik, 2016).  
 
Diabetes Mellitus  
Another chronic disease that is linked to obesity and excessive consumption of starch-rich 
highly concentrated energy products is type 2 diabetes. This condition develops when cells lack 
sensitivity to insulin and/or have insufficient insulin production due to a reduction in functional 
pancreatic β-cells (Hussain et al., 2007; Svihus and Hervik, 2016). Bergman et al. (2019) suggest 
that a plausible chain of events for those with the highest risk of diabetes mellitus would start with 
a predisposition through genetics with poor insulin clearance. Hyperinsulinemia during both 
fasting and prandial, coupled with insulin resistance, will lead to β-cells stress and ultimately result 
in type 2 diabetes. Furthermore, there has been an increase in the incidence of children developing 
type 2 diabetes over the past two decades, which may correspond to approximately 15% of 16-19 
year-olds that are overweight in the U.S. (Hussain et al., 2007). Starch is the main source of glucose 
in most diets, meaning that in excess, it can be both a cause of the increased incidence of diabetes 
mellitus in the human population, as well as the source of some of the problems associated with 
this disease. The drastic increase of type 2 diabetes over the years in both children and adults has 
been attributed mostly to the increased obesity and weight-gain caused by excessive intake of 
dietary energy in relation to expenditure, which largely could be caused by over-ingestion of starch 
and fats. Suggestions to remedy the incidence of this disease are to decrease over-consumption of 
energy-rich foods (starches, sugars, and fats), increase physical exertion, and increase education 
about the disease (Hussain et al, 2007).  
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Cardiovascular Disease  
Cardiovascular disease (CVD) occurs when there is a build-up of cholesterol-rich necrotic 
tissue in blood vessels (atherosclerosis) that potentially cause blockages. Typically, CVD is tied 
closely to obesity because very low-density lipoproteins (VLDL) that transport triglycerides 
through the blood lead to the production of low-density lipoproteins (LDL), which the cholesterol-
rich necrotic tissues consist of (Svihus and Hervik, 2016). As mentioned previously, any excess 
glucose can be converted to fat through de novo lipogenesis for long-term energy storage. This 
same de novo lipogenesis process can lead to an increase in the VLDL and LDL concentrations in 
the blood potentially increasing the risk for blockages and CVD. Therefore, excess carbohydrate 
intake can lead to a less desirable blood lipid profile via de novo lipogenesis, although not all 
carbohydrates affect the profile in the same way. While glucose is regulated in the liver through 
phosphofructokinase via the energy concentration in the cell, fructose is able to circumvent that 
regulation and go directly into de novo lipogenesis which prefers fructose as its substrate 
(Kolderup and Svihus, 2015; Lairon et al., 2007). By doing this, the liver is theoretically capable 
of metabolizing fructose with no limitation and potentially leading to greater lipid production in 
the liver.  Schwarz et al. (2015) fed a high-fructose diet (20-25% of energy intake in the form of 
fructose) to eight healthy men for nine days and observed modestly greater liver fat accumulation 
and statistically greater levels of carbohydrate oxidation, triglycerides, and postprandial hepatic de 
novo lipogenesis. 
Additionally, there have been recent studies showing evidence of blood glucose 
concentrations being risk factors for CVD. Kodama et al. (2012) found a 1.5x stronger association 
with CVD when using plasma glucose post-glucose challenge compared with fasting glucose. This 
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agrees with Schwarz et al. (2015) who found no significant differences for fasting de novo 
lipogenesis, insulin, glucose, or lipids among complex carbohydrate diets and high-fructose diets 
fed to healthy men. This may be due to fasting glucose being more consistent than postprandial 
glucose, which can fluctuate for several hours after a meal depending on the starch source. Even 
if the postprandial response is within a normal range, those on the upper limits have shown an 
association with increased lipid and insulin which could aid in endothelial dysfunction 
development (Giacco et al., 2016). Lairon et al. (2007) reported easily digestible starches or 
fructose tend to increase and/or delay postprandial lipemia (abnormally high blood lipid content) 
in humans which in conjunction with an altered overall lipoprotein pattern can be a CVD risk 
factor; however, they also noted that some dietary fiber sources can lower some of these effects.  
 
Potential Management Strategies 
Maintenance of euglycemia is an important physiological function. Thus, it is important to 
try to minimize postprandial plasma glucose fluctuation, especially for those who already have 
impaired regulation of glucose metabolism such as diabetes and insulin resistance. Glycemic 
response is the change in glucose in the blood after absorption of carbohydrates and can be used 
to assess the suitability of various carbohydrates in a diabetic’s diet (Mann et al., 2007). In humans, 
this response can be quantified into a percentage termed the glycemic index by calculating the 
incremental area under the curve of blood glucose concentrations post-ingestion of a 50 g 
carbohydrate portion of test food and dividing that by the incremental blood glucose area of a 50 
g serving of a reference food, usually white bread or a glucose solution (Giacco et al., 2016; Jenkins 
et al., 1981). A better representation of both the quality and quantity of carbohydrate intake should 
be expressed, as glycemic load, which is the glycemic index of a specific food multiplied by the 
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amount of carbohydrate contained in an average portion of that food consumed (Salmeron et al., 
1997). However, there are a plethora of physiological and food-related mechanisms that can 
influence glycemic response. For instance, when Bauer et al. (2006) fed a high-glycemic index 
carbohydrate (gelatinized waxy corn starch) diet to adult dogs, a significant increase in 
postprandial insulin response was observed compared with a low-glycemic index diet (gelatinized 
high amylose corn starch). Additionally, a significant increase in postprandial plasma non-
esterified fatty acids was reported in dogs fed the low-glycemic index diet, indicating that the 
reduced insulin response led to less influx of glucose into cells, thereby increasing storage site 
lipolysis and raising non-esterified fatty acid plasma levels. Taken together, these results indicate 
that overall adipogenesis is increased with high-glycemic starches compared to low-glycemic 
starches, resulting in a heightened risk of obesity (Bauer et al., 2006). 
Further considerations than solely the classification of a low-glycemic index food should 
be considered because some low-glycemic index foods may still be energy-dense and contain high 
levels of fats and/or sugars. These foods may decrease postprandial glucose responses even though 
they can lead to unhealthy outcomes such as obesity (Mann et al., 2007). Protein, fat, fiber, and 
anti-nutritional content of food can impact digestion/absorption rates, as well as cooking 
processing/methods and viscosity of ingredients which can potentially slow absorption rates 
(Sanders, 2016). For example, dietary lipids may partially cover starch granules, inhibiting 
complete digestion or impacting starch gelatinization when processed/cooked (Giacco et al., 
2016). Furthermore, Moghaddam et al. (2006) found both protein and fat reduced the glycemic 
response of nondiabetic humans when given an oral glucose solution, with protein having a two to 
three times stronger response than fat. Those authors speculated this might be due to the amino 
acid-induced secretion of insulin related to dietary protein content and the delayed gastric 
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emptying associated with dietary lipid content. Neither of those explanations was measured 
though, and future research is needed to describe the exact mechanisms taking place. When 
reviewing glycemic indexes, it is important to consider the carbohydrate source being evaluated, 
the control carbohydrate source being used, the amount being fed, and the digestibility of the test 
carbohydrate source. 
The aforementioned issues, coupled with an individual’s enzymatic activity, or lack of it, 
show the complexity of postprandial carbohydrate metabolism. It also emphasizes the need to 
understand the composition of various dietary ingredients and how they may affect the hosts’ 
digestive and absorptive processes.  A scientific update (Mann et al., 2007) emphasized the nature 
of the carbohydrates consumed with focus placed on whole grains, fruits, vegetables, and legumes 
as opposed to refined grains and sugars. If the consumption of whole grains, fruits, vegetables, and 
legumes is not adhered to, then there is increased risk for lipoprotein-mediated coronary heart 
disease caused through increased triglyceride production leading to a raised ratio of total LDL 
cholesterol to high-density lipoproteins in humans (HDL; Mann et al., 2007). Although dogs and 
cats are at reduced risk because there are major differences between companion animals and 
humans (or other monogastrics) in relation to the types of circulating plasma lipoproteins. Dogs 
and cats are HDL-predominant animals with low or no formation of VLDL and LDL (Bauer, 
2004). Dogs form unique HDL1 particles, which are HDL enriched with apoprotein-E and 
cholesterol esters, and are increased when the animals are hypercholesterolemic. Therefore, no 
atherogenic apoprotein-B-containing particles are formed in dogs and cats because minimal or no 
transfer of cholesterol esters to VLDL or LDL occur, decreasing the risk of atherosclerosis (Bauer, 
2004).  
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Most foods high in dietary fiber (non-digestible carbohydrates) can help reduce CVD risk, 
obesity, and improve the glycemic control for those with diabetes (Mann et al., 2007). However, 
that is not true for all fiber sources. To reduce elevated postprandial blood glucose, replacing 
refined/heavily processed wheat products with whole-grain wheat has been suggested (Svihus and 
Hervik, 2016). There was a decrease in glycemic response when milled flour in bread was replaced 
with either cracked or whole grains, with a greater improvement observed with increasing 
proportions of whole grains (Jenkins et al., 1981). This could be explained by the lack of access 
of digestive enzymes towards their respective substrates by the natural fibrous coating of grains, 
which slows digestion and absorption. Some soluble fibers add to the viscosity of the intestinal 
digesta, negatively impacting nutrient digestion and absorption by the intestinal walls (Dai and 
Chau, 2017). Taken together, fiber-rich foods can impact postprandial glucose response by both 
limiting access of digestive enzymes to their targeted substrates and increasing viscosity.  
Through thermal processing or cooking, starch granules swell with water, leading to the 
irreversible loss of crystalline structure and rupture of the starch granule, which will expose 
glucose molecules, thereby increasing starch digestibility (Giacco et al., 2016). This process is 
termed starch gelatinization. However, if the starch is allowed to cool and the crystalline structure 
recrystallizes, RS is formed that decreases digestibility because the retrograded amylose is difficult 
for α-amylase to break down (Giacco et al., 2016). This is just one classification of RS, which can 
be natural or chemically produced with natural being considered a dietary fiber, but chemically 
produced needing to exhibit a proven physiological benefit to the host to be determined a dietary 
fiber. There are four classifications of RS: RS1 is in whole or cracked seed/grain/kernel that is 
physically protected by a natural fibrous coating, RS2 is ungelatinized resistant granules such as 
those in raw potatoes and green bananas, RS3 is retrograded starch that has been cooked and cooled 
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as mentioned previously and, finally, RS4, which is chemically modified starch that has been 
cross-linked with chemical reagents (Nugent, 2005). The use of chemically produced or natural 
RS can potentially aid in reducing postprandial glucose responses, type 2 diabetes, obesity, and 
CVD. Whole grain sorghum has a total starch content of 74-79%, and of that total starch 
approximately 45.6% is RS1 (Murray et al., 2001; Bednar et al., 2001). Depending on the 
composition and dietary amount ingested, other dietary fibers can have beneficial physiological 
effects as well. For instance, viscous fibers have the capability to interfere with bile acid 
reabsorption, which in turn will lower blood cholesterol as more cholesterol will be needed to form 
new bile salts (Dai and Chau, 2017).  
Some dietary fibers (mostly soluble) are fermentable by the hindgut microbiota promoting 
the growth of colonic bacteria and producing SCFA in the anaerobic environment (Mann et al., 
2007). Since the hindgut is an anaerobic environment, NAD+ needs to be regenerated for 
glycolysis to continue. For this to occur, electron sink products need to be produced to generate 
NAD+ from NADH. These electron sink products are produced from pyruvate, the end result of 
glycolysis, forming succinate (which leads to propionate), acetyl-CoA (which can be used to 
produce acetate and butyrate), and lactate (Macfarlane and Macfarlane, 2003). Following the 
production of electron sink products, glycolysis continues and the products are used by the host 
indicating a symbiotic relationship between host and microbiome. The main SCFA produced 
through fermentation are acetate, propionate, and butyrate, with acetate being the most and 
butyrate being the least abundant SCFA produced by hindgut microbiota (Nugent, 2005). It has 
been noted that the ileal microbial population is also capable of fermenting starchy ingredients for 
potential benefit to overall colonic health (Murray et al., 2001). Murray et al. (2001) measured 
2.67 mmol/g OM of acetate, 0.67 mmol/g OM of propionate, 0.36 mmol/g OM of butyrate, and 
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3.70 mmol/g OM of total SCFA concentrations following 5 h of in vitro fermentation of sorghum 
with canine ileal fluid as inoculum. In agreement with Murray et al. (2001), Bednar et al. (2001) 
measured 4.70 mmol/g OM of total SCFA concentrations at 7.5 h of in vitro fermentation of 
sorghum using canine ileal fluid as inoculum. 
Select substrates that are selectively utilized by host microorganisms and confer a health 
benefit to the host are ‘prebiotics’ and are usually carbohydrate-based (Gibson et al., 2017). By 
acting as substrates for colonic bacteria, these prebiotics are, in turn, fermented to SCFA. These 
SCFA can initiate a cascade of benefits for the host, with different benefits depending on the type 
of SCFA produced.  Intestinal transit time and diet are variables that also impact the rate and extent 
of production of SCFA and microbial fermentation activity (Nugent, 2005). Butyrate, for example, 
is the preferential energy source for gut enterocytes and is crucial to maintaining the intestinal 
barrier that prevents the translocation of carcinogenic/harmful substances and facilitates the 
absorption of nutrients (Dalile et al., 2019). Very little butyrate is absorbed for the host to use after 
enterocyte metabolism. Acetate constitutes the largest proportion of SCFA in blood circulation 
and is primarily used by the host for energy production and assisting in cholesterol synthesis. 
Propionate is used primarily for gluconeogenesis (crucial for ruminants), energy for cells, and 
inhibition of cholesterol synthesis (Fernández et al., 2016). Additionally, as mentioned previously, 
butyrate plays an important role in removing carcinogenic compounds and potentially reducing 
the risk of cancers, particularly colon cancer. By stabilizing and maintaining mucus production in 
the gastrointestinal tract, carcinogenic compounds have a lower chance of interacting with the cell 
wall and this ultimately leads to increased excretion of the carcinogenic compounds (Chaplin, 
2003). Additionally, butyrate has further anti-carcinogenic capabilities. These can include the 
promotion of beneficial bacteria through differentiation, inducing cell-death and decreasing 
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proliferation of carcinogenic bacteria, and expressing anti-inflammatory properties, among others 
(Dalile et al., 2019; O’Keefe, 2016). Although it is worth noting that butyrate-producing bacteria 
are difficult to measure, designing a dietary invention to increase the proliferation of said bacteria 
is equally as difficult (Nugent, 2005). 
How SCFA are measured should be taken into consideration. Less than 5% of the SCFA 
produced in the hindgut go unabsorbed; thus, fecal measurements of SCFA can be limiting 
(Nugent, 2005), making measurements difficult. Using peripheral blood measurements to quantify 
SCFA is also limited due to the fact that only a fraction of what is absorbed and transported to the 
liver through the portal vein is being distributed to the rest of the body (Nugent, 2005). While the 
stable isotope-dilution technique has been used as a direct measure of SCFA turnover (Pouteau et 
al., 2003), most studies have used animal models. These may differ in fermentation capacity, 
SCFA production, and/or microbiome characteristics, meaning the animal species should be 
considered when reviewing and comparing values (Nugent, 2005).  
CONCLUSIONS  
As a result of superior feed processing and grain management practices, the nutrient profile 
of sorghum has improved, allowing a wider range of uses of this cereal grain in monogastric 
nutrition. These advancements have made sorghum more comparable in terms of nutrient 
digestibility and usage to corn and wheat in livestock feeds and pet foods. Due to the numerous 
varieties available, it is important to understand the chemical composition of each sorghum variety 
and their advantages and limitations. For instance, the poultry industry might benefit from using 
low protein, low phenolic compound-containing sorghum varieties in diet formulations to reduce 
kafirin content and improve impact of phytase on sorghum-containing diets. Swine producers 
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might focus on formulation and feed processing technologies when including sorghum in swine 
rations to optimize their production systems (e.g., by selecting appropriate particle sizes and 
formulating to reduce activity of anti-nutritional factors present in sorghum varieties). The human 
and pet nutrition sectors might focus on tannin-containing sorghums because of the reduced 
digestibility for weight-loss and maintenance diets. With a growing human population and multiple 
industries using similar ingredients and grains, there is a strong need to use all viable options 
available. Sorghum is one of the most versatile crops in the world due to its high efficiency in 
terms of water and solar energy use, as well as being a low-input grain. It has the potential to fit 
into traditional animal production, human food, and pet food systems (McCuistion et al., 2019). 
While there is a plethora of varieties of sorghum, it is imperative that each specific source of 
sorghum be analyzed and antinutritive compounds measured to ensure each variety is handled and 
processed properly.  
DISSERTATION OBJECTIVES AND HYPOTHESES 
This dissertation will evaluate two varieties of sorghum, red (RSH) and white (WSH), and 
the impact of extrusion on nutrient profile and in vivo nutrient digestibility and hindgut 
fermentation using multiple animal species. Thus, the research aims proposed herein are to 1) 
compare RSH and WSH as the primary carbohydrate source in comparison with corn in extruded 
diets for adult dogs and cats which will include evaluating apparent total tract macronutrient 
digestibility, fecal characteristics, and fecal fermentative metabolites and microbiota, 2) compare 
the nitrogen-corrected true metabolizable energy (TMEn) and amino acid digestibility of the raw 
and extruded RSH and WSH grains using the precision-fed rooster assay, 3) compare the raw and 
extruded RSH and WSH grains in broiler chick diets evaluating weight gain, feed intake, and feed 
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efficiency, and 4) compare the raw and extruded RSH and WSH grains on total tract nutrient and 
energy digestibility by pigs. The hypotheses for aim one was that the inclusion of either sorghum 
variety would lead to comparable macronutrient digestibility compared with the control corn diet 
in both canines and felines, with a potential increase in total dietary fiber digestibility and fecal 
metabolites due to sorghums higher concentration of fiber compared with corn. For aim two and 
three, we hypothesize that extrusion of the cereal grains will increase amino acid digestibility, and 
nitrogen-corrected true metabolizable energy content in roosters as well as increase body weight 
gain and feed efficiency of broiler chicks through decreasing the anti-nutritional content of the 
grains. Finally, for aim 4, the hypothesis was that extrusion would increase the digestible and 
metabolizable energy in corn, WSH, and RSH diets for growing pigs and that the non-extruded 
diets would yield similar values for digestible energy and metabolizable energy to one another, 
while the extruded diets will have a superior response compared with the non-extruded diets.   
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TABLES 
Table 2.1. Chemical composition and energy concentration of sorghum, corn, rice, and wheat1. 
Item, % as-fed basis Sorghum Corn, yellow dent Polished white rice Wheat, hard red 
Dry matter  89.39 88.31 87.90 88.67 
Crude protein 9.36 8.24 8.00 14.46 
Ether extract 3.42 3.48 1.41 1.82 
Ash 1.64 1.30 N/A 1.98 
Starch 70.05 62.55 83.59 59.50 
Phytate-P 0.18 0.21 N/A 0.22 
ME2 (kcal/kg) 3532 3395 3511 3215 
NE2 (kcal/kg) 2780 2672 2847 2472 
1Values obtained from NRC (2012). 
2ME = Metabolizable energy; NE = Net energy; values for swine.  
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Table 2.2. Proximate composition and other concentrations of a white and red sorghum variety1. 
Item, % DMB2 White sorghum Red Sorghum 
Protein  9.78 13.40 
Starch 73.74 68.49 
Fat  3.57 3.34 
Kafirin index2 0.41 0.59 
Protein solubility index  42.4 52.9 
Total phenolics (mg GAE2/g DMB) 2.02 3.52 
1Values obtained from Selle et al. (2014). 
2DMB = Dry matter basis; Kafirin index = determined by sorghum NIR aminograms [leucine – 
(arginine + histidine + lysine)]; GAE = gallic acid equivalents.  
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WHITE AND RED SORGHUM AS PRIMARY CARBOHYDRATE SOURCES IN 
EXTRUDED DIETS OF ADULT DOGS AND THE DETERMINATION OF TRUE 
METABOLIZABLE ENERGY AND AMINO ACID DIGESTIBILITY USING THE 
PRECISION-FED ROOSTER ASSAY  
ABSTRACT  
This experiment determined the nutritional adequacy and parameters related to 
gastrointestinal health of adult dogs fed extruded diets containing different sorghum varieties as 
novel carbohydrate sources. We hypothesized that the inclusion of either a white (WSH) or red 
sorghum (RSH) variety would lead to comparable macronutrient digestibility compared with the 
control corn diet, with a potential increase in total dietary fiber digestibility and fecal metabolites 
due to sorghums higher concentration of fiber compared with corn. For Experiment 1, three diets 
containing 30% corn, 30% WSH, or 30% RSH were formulated to meet or exceed the Association 
of American Feed Control Officials (AAFCO; 2018) nutrient profiles for adult dogs. Nine adult 
female beagles were randomly assigned to one of the 3 dietary treatments using a triplicated 3 x 3 
Latin square design. Each experimental period consisted of 14 d (10 d of diet adaption + 4 d of 
total and fresh fecal and urine collections). Food intake and fecal and urine outputs were measured 
and sampled for macronutrient analysis and digestibility calculations. Blood samples were 
collected at the end of each period for serum metabolite analyses and complete blood count. Data 
were analyzed using MIXED procedure, SAS, version 9.4. All animals remained healthy 
throughout the study with serum metabolites being within reference ranges for adult dogs. All diets 
were well accepted by the dogs, resulting in daily food intakes that did not differ among treatments. 
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Likewise, fecal output (dry matter basis) and scores did not differ among dietary treatments, with 
the latter being within the ideal range (2.4-2.6). All diets were well digested by dogs, and had 
apparent total tract digestibility (ATTD) of dry matter (81.3-83.1%), organic matter (86.7-88.2%), 
crude protein (87.3-88.1%), acid hydrolyzed fat (94.3-95.1%), and metabolizable energy (4.32 – 
4.42 kcal/g) that did not differ. However, ATTD of total dietary fiber differed (P < 0.05) with 
WSH having the highest ATTD at 62.7%, whereas corn had the lowest at 52.1%, with RSH being 
intermediate (57.8%). Fecal metabolites, propionate, and butyrate concentrations did not differ 
among treatments. Acetate concentration was greater in dogs fed RSH (P < 0.05) compared with 
WSH diets, with corn being intermediate. This led to total short-chain fatty acid (SCFA) 
concentrations of dogs fed RSH diets being higher (P < 0.05) than dogs fed corn or WSH diets. 
Fecal concentrations of isobutyrate, isovalerate, valerate, and total branched-chain fatty acids did 
not differ among treatments. In Experiment 2, nitrogen-corrected true metabolizable energy of the 
experimental diets were not different when precision-fed to conventional and cecectomized 
roosters. In Experiment 3, the experimental diets were fed to cecectomized roosters to determine 
amino acid digestibility with the three diets resulting in amino acid digestibility that did not differ.  
Our hypotheses were confirmed with both sorghum diets being comparable to the control corn diet 
in regards to macronutrient digestibility. Additionally, dogs fed the WSH diet had greater total 
dietary fiber digestibility (P < 0.05) compared with dogs fed the corn diet, whereas dogs fed the 
RSH diet had greater total SCFA (P < 0.05) compared with dogs fed the corn diet. Data indicate 
that extruded diets containing these varieties of RSH and WSH as the main source of carbohydrates 
were well tolerated by adult dogs and did not result in detrimental effects on feed intake, fecal 
quality and metabolites, or nutrient digestibility. 




Sorghum (Sorghum bicolor) is a cereal grain consisting of either white, yellow, red, brown, 
or black endosperms. The chemical composition of sorghum grain on a dry matter basis (DMB) is 
similar among different colored variations: starch (~75-78%), protein (~10-12%), lipids (~3-4%), 
crude fiber (~2-3%), and ash (~1-2%; NRC, 2012; Hwang et al., 2002). According to the USDA-
FAS (2018), world annual sorghum production is estimated to be approximately 58.8 thousand 
metric tons. The United States is the largest producer of this cereal grain, accounting for 
approximately 15% of its production worldwide. Sorghum is an important commodity, being 
ranked among the top 5 cereal crops produced worldwide, exceeded only by wheat, rice, corn, and 
barley (Awika and Rooney, 2004). Compared with other cereal grains, sorghum crops have the 
advantage of high adaptability to wide eco-agricultural areas and require fewer fertilizers. In 
human and pet nutrition, sorghum has gained increased attention as a gluten-free and non-
genetically modified whole-grain option.  
 Historically, sorghum has been used in a variety of human foods worldwide. In the U.S., 
this cereal grain has been used as an alternative ingredient in gluten-free products for replacement 
of wheat (Fenster, 2003). Other sorghum varieties of moderate tannin content are considered food 
staples and are used for alcoholic beverages in several African countries, Latin America, and Asia. 
Sorghum is also a rich source of phytochemicals and has received increased attention in human 
nutrition for its potential health benefits. More recently, sorghum has been included in a variety of 
pet food formulations. According to the Sorghum Checkoff (2018), more than 130 pet food 
products and 15 pet food companies utilize sorghum in their formulations. A few studies have been 
conducted to evaluate the nutritional adequacy of sorghum in canine diets. Overall, diets 
containing sorghum resulted in no detrimental effects on nutrient digestibility or fecal score, and 
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resulted in a lower post-prandial insulin response compared with dogs fed diets containing 
brewer’s rice or corn (Twomey et al., 2002; Carciofi et al., 2008).  However, to the best of our 
knowledge, no information is available on the effects of sorghum containing-diets on fecal 
fermentative end-products or microbiota of adult dogs. Thus, the objective of this research was to 
determine the effect of dietary supplementation of sorghum grains, red or white endosperm, on the 
gastrointestinal health of adult dogs through the determination of apparent total tract macronutrient 
digestibility, fecal characteristics and metabolites, and fecal microbiota.  We hypothesized that the 
inclusion of the red sorghum (RSH) and white sorghum (WSH) would have comparable utilization 
to a corn diet with a potential increase in total dietary fiber digestibility and fecal metabolites due 
to sorghums higher concentration of fiber compared with corn, and that sorghum will be an 
acceptable alternative to rice or corn for inclusion as the main carbohydrate source in extruded 
diets for adult dogs. 
MATERIALS AND METHODS 
Animals and Experimental Design  
 All animal procedures were approved by the University of Illinois Institutional Animal 
Care and Use committee. In Experiment 1, nine intact female beagles (average age: 4.77 ± 1.31 
yr; average body weight (BW): 11.02 ± 1.24 kg) were used in a triplicated 3 x 3 Latin square 
design. Each period consisted of 10 d of diet adaptation and 4 d of total fecal and urine collections. 
Dogs were housed individually (1.2 m x 1.8 m) with nose to nose contact with dogs in adjacent 
runs and visual contact with all dogs in the room. Dogs were randomly assigned to one of three 
experimental diets and were fed to maintain BW and body condition score, which were measured 
once a week during the experimental period. Water was available ad libitum and feeding was done 
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twice daily at 0800 and 1600 h. Dogs had access to their assigned food until the next feeding time 
when food refusals, if present, were collected and recorded. During the collection phase, dogs were 
housed individually in metabolic cages and given the same access to food and water. Total fecal 
and urine collections were completed and blood samples were collected from each dog for 
complete blood count (CBC) and serum metabolite analyses to ensure the dogs remained healthy 
throughout the experimental period. 
 Experiment 2 was conducted using the precision-fed rooster assay to determine the 
nitrogen-corrected true metabolizable energy (TMEn) values following the methodology of 
Parsons et al. (1982). The conventional and cecectomized roosters were precision-fed up to 30 g 
of one of the three extruded companion animal diets with 4 roosters per treatment following the 
methodology of Sibbald (1979). Additionally, Experiment 3 was conducted using cecectomized 
roosters to determine amino acid digestibility of the extruded companion animal diets with 4 
roosters per treatment. In these experiments, the experimental diets were tube-fed to adult Single 
Comb White Leghorn roosters following the general guidelines of Parsons et al. (1982), Parsons 
(1985), and Sibbald and Wolynetz (1986). The housing for the roosters consisted of an 
environmentally controlled room with a 16 h light and 8 h dark cycle in individual cages with wire 
floors. The roosters were fasted for 26 h prior to tube-feeding to ensure that their digestive tracts 
were empty. They then were tube-fed and returned to their individual cages. Excreta (feces + urine) 
were quantitatively collected for 48 h on plastic trays located underneath the cages. 
 
Diets 
 Three diets containing 30% corn, 30% WSH, or 30% RSH were formulated to meet or 
exceed the Association of American Feed Control Officials (AAFCO; 2018) nutrient profiles for 
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adult dogs. Diets were manufactured at Kansas State University Bioprocessing and Industrial 
Value-Added Program facility (Manhattan, KS) using a single-screw extruder (Wenger X-20, 
Wenger Manufacturing, Inc., Sabetha, KS, USA). All three experimental diets had similar 
ingredient composition except for the carbohydrate source (Table 3.1). 
 
Sample Collection 
Throughout the 4 d of total fecal and urine collections in Experiment 1, all feces were 
collected and scored using the following 5-point scale: 1= hard, dry pellets; small hard mass; 2 = 
hard formed, remains firm and soft; 3 = soft, formed and moist stool, retains shape; 4 = soft, 
unformed stool; assumes shape of container; 5 = watery, liquid that can be poured. All individual 
fecal samples identified by dog and period were stored in a -20℃ freezer until analysis. Similarly, 
total urine output was collected simultaneously with feces. The volume and weight of acidified 
urine samples (10 mL of 2N HCl) were recorded and approximately 25% of each sample was saved 
for further analysis. Urine samples from each dog by period were stored in separate containers and 
frozen at -20°C. 
One fresh fecal sample from each dog was collected manually and stored in a plastic bag 
within 15 min of defecation to prevent degradation of volatile compounds. Samples were 
immediately allocated to be analyzed for dry matter (DM), phenols and indoles, short-chain fatty 
acids (SCFA) and branched-chain fatty acids (BCFA). The pH, fecal score, and total sample 
weight also were measured. Dry matter was measured by drying approximately 2 g of feces in 
duplicate in a 105°C oven until all moisture was removed. Approximately 2 g of feces in duplicate 
were stored in plastic tubes covered in Parafilm and frozen at -20°C for subsequent indole and 
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phenol analyses. To determine SCFA, BCFA, and ammonia concentrations, 5 g of sample were 
stored in Nalgene bottles containing 5 mL of 2N hydrochloric acid and frozen at -20°C. 
After overnight fasting to prevent blood metabolites from having any postprandial 
influence, 5 mL of blood were collected via jugular venipuncture from each dog at the end of each 
experimental period.  Blood samples were placed in BD Vacutainer serum separator tubes and 
EDTA tubes (Becton, Dickinson and Company, Franklin Lakes, NJ) were used for serum 
metabolite and complete blood count analyses, respectively. These analyses were conducted by 




For Experiment 1, fecal samples from each dog and period were pooled and dried in a 57°C 
oven before grinding in the Wiley Mill (model 4, Thomas Scientific, Swedesboro, NJ) with a 10 
mesh (2 mm) screen size and used for subsequent analyses. Dry matter and ash were determined 
for the diets and feces using the Association of Official Analytical Chemists (AOAC) procedure 
(2006; methods 934.01 and 942.05). Acid-hydrolyzed fat concentration of the diet and feces were 
analyzed following methods of the American Association of Cereal Chemists (AACC, 1983; 
method 30-14) and Budde et al. (1952). Crude protein analysis was calculated by measuring total 
nitrogen using a LECO TruMac (Leco Corporation, St. Joseph, MI; model 630-300-300) and 
following the Official Method of AOAC International (2006; method 992.15). Gross energy 
content of diets and feces was measured using a Parr 6200 calorimeter (Parr Instrument Company, 
Moline, IL), and the GE of urine was measured using the same Parr 6200 calorimeter after being 
spiked in 0.5-0.75 g cellulose pellets and used to calculate metatoblizable energy (ME). Total 
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dietary fiber was analyzed according to Prosky et al. (1992) and the Official Method of AOAC 
International, 2006 (Methods 985.29 and 991.43). 
 Short-chain fatty acids and BCFA concentrations were analyzed using gas chromatography 
with a glass 6’x1/4” ODx4mmID column and 10%SP1200/1%H3PO4 on 80/100 Chrom-WAW, 
Supleco packing and following the methods of Erwin et al. (1961), Supleco Inc. (1975), and 
Goodall and Byers (1978). Gas chromatography also was used to measure phenols and indoles as 
cited in Flickinger et al. (2003). Fecal ammonia concentrations were determined using gas 
chromatography according to Chaney and Marbach (1962). 
Following the excreta collection after 48 h in Experiments 2 and 3, the excreta were frozen, 
freeze-dried, weighed, and ground in a coffee grinder. Subsamples of the ground excreta and the 
raw grains used in the formulation of the extruded companion animal diets were analyzed 
according to procedures of the Association of Official Analytical Chemists International (AOAC 
International, 2006). The excreta and raw grains were analyzed for GE, DM, OM, CP and ash 
following the methods described in Experiment 1. Total lipid content of the raw grains was 
determined by AHF followed by ether extraction according to the methods described in 
Experiment 1. The TDF concentrations of the raw grains were determined according to the 
methods described in Experiment 1. Experiment 3 excreta and diets were analyzed for total 
nitrogen values and amino acids (AA) conducted by Experiment Station Chemical Laboratories, 
University of Missouri-Columbia (AOAC Official Method 982.30). 
 
DNA Extraction, Amplification, Sequencing, and Bioinformatics 
Total DNA from fresh fecal samples was extracted using Mo-Bio PowerSoil kits (MO BIO 
Laboratories, Inc., Carlsbad, CA) and DNA concentration was quantified using a Qubit® 3.0 
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Fluorometer (Life technologies, Grand Island, NY). Amplification of the 16S rRNA gene was 
completed using a Fluidigm Access Array (Fluidigm Corporation, South San Francisco, CA) in 
combination with Roche High Fidelity Fast Start Kit (Roche, Indianapolis, IN). The primers 515F 
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) that 
target a 252 bp-fragment of V4 region was used for amplification (primers synthesized by IDT 
Corp., Coralville, IA; Caporaso et al., 2012). Fluidigm specific primer forward (CS1) and reverse 
(CS2) tags was added according to the Fluidigm protocol. Fragment Analyzer (Advanced 
Analytics, Ames, IA) was used to confirm the quality of amplicons’ regions and sizes. A DNA 
pool was generated by combining equimolar amounts of the amplicons from each sample. The 
pooled samples were sized selected on a 2% agarose E-gel (Life technologies, Grand Island, NY) 
and extracted using Qiagen gel purification kit (Qiagen, Valencia, CA). Cleaned size-selected 
pooled products were run on an Agilent Bioanalyzer to confirm appropriate profile and average 
size. Illumina sequencing was performed on a MiSeq using v3 reagents (Illumina Inc., San Diego, 
CA) at the W. M. Keck Center for Biotechnology at the University of Illinois. Fluidigm tags were 
removed using FASTX-Toolkit (version 0.0.14), and sequences were analyzed using QIIME 2.0, 
version 2020.6 (Caporaso et al., 2010) and DADA2 (version 1.14; Callahan et al., 2016). High 
quality (quality value ≥ 20) sequence data derived from the sequencing process were 
demultiplexed. Sequences then were clustered into operational taxonomic units (OTU) using 
opened-reference OTU picking against the SILVA 138 reference OTU database with a 97% 
similarity threshold (Quast et al., 2013). Singletons (OTUs that are observed fewer than 2 times) 
and OTUs that had less than 0.01% of the total observation were discarded. Principal coordinates 
analysis (PCoA) was performed, using both weighted and unweighted unique fraction metric 
(UniFrac) distances that measures the phylogenetic distance between sets of taxa in a phylogenetic 
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tree as the fraction of the branch length of the tree, on the 97% OTU composition and abundance 
matrix (Lozupone and Knight, 2005). 
 
Statistical Analysis 
 Data in Experiment 1 were analyzed by SAS (SAS Institute, INC., version 9.4, Cary, NC) 
using MIXED model procedures. The statistical model included the fixed effect of diet and the 
random effect of animal with each dog being the experimental unit. Data normality (based on 
residuals) was checked using the UNIVARIATE procedure of SAS. All treatment least-squares 
means were compared with each other and a Tukey adjustment was used to control for the Type 1 
experiment-wise error. P-values less than 0.05 were considered statistically different. Standard 
errors of the mean (SEM) were reported as determined from the MIXED models procedure of 
SAS.  
 Experiments 2 and 3 were analyzed using the ANOVA procedures of SAS (SAS Institute, 
INC., version 9.4, Cary, NC). The experimental units were the individually caged roosters. 
Experiment 2 TMEn was also analyzed as a 3 x 2 factorial, with the diets (corn, WSH, RSH) and 
bird type (conventional or cecectomized) being the main effects. Differences among treatments in 
each respective experiment were determined using the Fisher-protected least significant difference 
test with significance determined at a probability of P ≤ 0.05. 
RESULTS 
Composition of Raw Grains 
Overall, the proximate analyses of the raw corn, WSH, and RSH were comparable (Table 
3.2). Dry matter content ranged from 88.3 to 89.6%, OM ranged from 98.3 to 98.6%, CP ranged 
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from 9.1 to 11.5%, AHF ranged from 3.6 to 4.9%, and GE ranged from 4.38 to 4.45 kcal/g. The 
TDF concentration for the raw corn, WSH, and RSH ranged from 12.5 to 15.9%. The insoluble 
fiber concentration varied from 9.4 to 13.1%, whereas the soluble fiber concentration fluctuated 
from 2.8 to 3.1%. The primary difference among grain sources was that the RSH contained more 
CP, TDF, and insoluble fiber than the corn and WSH.  
 
Food Intake, Apparent Total Tract Digestibility of Macronutrients, and Fecal Characteristics 
All three diets were formulated targeting a similar nutrient profile and to contain 30% of 
the corn, WSH, or RSH (Table 3.1).  Analyzed chemical composition of the experimental diets 
revealed that all diets were similar in nutrient profiles (Table 3.3).  
 Daily food intake (DMB), fecal output (g/d; DMB) and fecal score did not differ among 
treatments (Table 3.4). Likewise, ATTD of DM, OM, CP, AHF, and metabolizable energy were 
not affected by treatments. Fecal output (g/d; as-is) was greater (P < 0.05) for dogs fed the corn 
and RSH diet compared with dogs fed the WSH diet. Total dietary fiber digestibility was greatest 
(P < 0.05) for dogs fed the WSH diet with the corn diet having the lowest digestibility, and the 
RSH diet being intermediate (P > 0.05). 
 Fecal pH was not different among treatments (Table 3.5). Fecal concentrations (μmole/g 
DMB) of ammonia, total phenols and indoles, phenols, and indoles did not differ among dogs fed 
corn, WSH, or RSH diets. Fecal concentrations of propionate and butyrate did not differ among 
treatments. Similarly, fecal concentrations of isobutyrate, isovalerate, valerate, and total BCFA 
were not different among dietary treatments. Fecal concentration of acetate was greater in dogs 
fed RSH (P < 0.05) compared with dogs fed WSH diets, with corn being intermediate (P > 0.05; 
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Table 3.5). Fecal total SCFA concentrations of dogs fed the RSH diet were greater (P < 0.05) than 
concentrations of dogs fed either WSH or corn diets.   
 Serum metabolites of dogs fed diets containing WSH, RSH, or corn were within reference 
ranges for adult dogs and did not differ among treatments (Table 3.6).  Likewise, CBC results 
were normal among all dogs and dietary treatments (data not shown).  
 
Fecal Microbial Populations 
 The PCoA based on Bray-Curtis dissimilarity analysis (Figure 3.1), unweighted (Figure 
3.2a) and weighted (Figure 3.2b) UNIFRAC metrics from experiment 1 portrayed no differences 
in fecal microbiota beta-diversity amongst dogs fed three dietary treatments. Similarly, α-diversity 
based on Faith’s phylogenetic diversity was not affected by treatment (Figure 3.3). Fecal 
microbiota of dogs fed corn, WSH, and RSH diets was comprised mainly by 6 phyla that accounted 
for ~99% of all sequences (Figure 3.4), however, no differences (P > 0.05) were observed among 
dietary treatments. Twelve families comprised approximately 95% of total sequences (Figure 3.5), 
within those only Erysipelotrichaceae and Family XIII were affected (P < 0.05) by dietary 
treatments. Relative abundance of Erysipelotrichaceae was greatest for dogs fed corn diets (P < 
0.05) with RSH diets being the lowest, and WSH being intermediate (P > 0.05; Figure 3.6). 
Relative abundance of Family XIII was greatest for dogs fed WSH diets (P < 0.05) and lowest for 
RSH dogs, with dogs on corn diet not differing from WSH or RSH dogs (P > 0.05; Figure 3.6). 
Twenty-six genera represented approximately 90% of the total sequences (Table 3.7), however, 





Nitrogen-Corrected True Metabolizable Energy and Amino Acid Digestibility  
 The TMEn were not different amongst all diets in both the conventional roosters and 
cecectomized roosters. There was a decrease (P < 0.05) in TMEn value for the RSH diet when fed 
to cecectomized bird (4.298 kcal/g, DMB) compared with conventional birds (4.469 kcal/g, DMB). 
For the conventional roosters, the TMEn values ranged from 4.327 to 4.460 kcal/g DMB while the 
cecectomized rooster values ranged from 4.298 to 4.352 kcal/g DMB (Table 3.8). The 3 x 2 
factorial analysis indicated that there were no significant main effects of grain or bird type and no 
significant grain*bird type interaction. 
 The extruded companion animal diets were evaluated for standardized amino acid 
digestibility (Table 3.9). Values were greater than 80% except for aspartate, cysteine, and lysine. 
No differences were observed among diets.  
DISCUSSION 
Grain Composition   
The chemical composition of the raw grains were comparable and in agreement with 
previous data (Bednar et al., 2001; Murray et al. 2001; Hwang et al., 2002; NRC, 2012; Beloshapka 
et al., 2016). The composition of corn and sorghum used in the current study is in agreement with 
previous literature; on a DM basis corn and sorghum had the following concentrations of DM 
(88.3% and 88.8%), ash (1.2% and 1.4%), CP (9.1% and 10.2%), fat (6.3% and 3.8%), and TDF 
(11.2% and 12.6%), respectively (Bazolli et al., 2015).  
The greatest differences among the three grains was the CP content and the TDF content. 
The raw RSH was approximately 2 percentage units greater in CP than either the raw corn or the 
raw WSH. The raw RSH also was approximately 2-3 percentage units greater in TDF than either 
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the corn or WSH grains. Red sorghum traditionally has more CP compared with white varieties. 
Selle et al. (2014) reported CP concentrations of 13.4% and 9.8% for red and white sorghum 
respectively, which agrees with the values found in the current study of 11.5% and 9.4% for our 
red and white sorghums. Selle et al. (2014) also reported a greater fiber content for red sorghum 
compared with white, with a crude fiber content of 3.2% for red and 2.8% for white varieties. 
While TDF was analyzed in the current study as opposed to crude fiber, the percentage of fiber 
was still greater in our red sorghum variety compared with white, 15.9% and 12.5%, respectively.  
 
Apparent Total Tract Digestibility of Macronutrients and Fecal Characteristics  
The results of macronutrient ATTD showed that all three diets were well digested by the 
animals. The CP ATTD in dogs fed the WSH and RSH diets were both greater than 87%. The 
AHF ATTD was high with values greater than 90% for dogs fed the WSH and RSH diets, 
respectively. These values are in strong agreement with Twomey et al. (2002; 2003) where the 
protein and fat ATTD of the extruded canine sorghum diet were 85% and 96%, respectively. Fortes 
et al. (2010) reported a slightly lower CP ATTD of 85% and AHF ATTD of 90% for their extruded 
sorghum diet and the ME was similar to (4.4 kcal/kg) both of the sorghum diets in the present 
study. The greatest difference in ATTD of macronutrients in the current study was seen in TDF 
digestibility with dogs fed the WSH diet having greater digestibility compared with the corn diet, 
which could be explained by the greater concentration of TDF in the WSH diet compared with the 
corn diet. Fortes et al. (2010) also observed greater TDF digestibility in dogs fed the sorghum diet 
compared with the corn diet in their study.  
 The fecal scores were consistent for all dogs fed the three experimental diets. These scores 
were moderately higher than the Twomey et al. (2003) value of 2.1 for extruded sorghum diets, 
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but were close to Murray et al. (1999) value of 2.3 for an extruded sorghum-flour diet. The fecal 
pH in the current study, regardless of dietary treatment, was slightly lower than pH values (6.7) 
reported by Fortes et al. (2010). Dogs fed the RSH diet had the highest concentration of total SCFA 
compared with corn and WSH diet. The difference between RSH compared with corn and WSH 
may have been due to the higher CP and TDF content of RSH grain. Some soluble fibers may add 
to the viscosity of the intestinal digesta, negatively impacting nutrient digestion and absorption by 
the walls of the small intestine (Dai and Chau, 2017). The latter allows more substrate to reach the 
distal gastrointestinal tract, leading to greater bacterial fermentation. The values for total SCFA 
for dogs fed the RSH diet corresponded well with the fecal SCFA concentrations (543.5 μmole/g 
DM) that Twomey et al. (2003) found in dogs fed extruded sorghum diets.  
 Bazolli et al. (2015) determined the ATTD of corn and sorghum diets and the subsequent 
fecal metabolite production from feeding those diets in dogs. The current study ATTD values for 
the corn and sorghum diets agreed well with the mean ATTD values of the corn and sorghum diets 
in the Bazolli et al. (2015) study with values of 79.5% and 79.7% for DM, 80.0% and 79.5% for 
CP, 92.9% and 92.8% for AHF, respectively. The ATTD of CP in corn, WSH, and RSH in the 
current study were approximately seven percentage units greater than the Bazolli et al. (2015) 
values (80.0% and 79.5% for corn and sorghum, respectively). This could have been due to the 
increased dietary protein content of the current study diets compared with the Bazolli et al. (2015) 
diets (~45.0% and ~27.0% CP, respectively). The mean ingredient fermentation products for the 
corn and sorghum diets in the Bazolli et al. (2015) consisted of 220 and 286 μmole/g DM acetate, 
84 and 98 μmole/g DM butyrate, 137 and 166 μmole/g DM propionate, and 435 and 547 μmole/g 
DM total SCFA, respectively. The concentrations for the fecal fermentative end-products for dogs 
fed the corn and RSH diets in the current study agreed with the concentrations determined in the 
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Bazolli et al. (2015) study. The mean fecal pH values for the corn and sorghum diets used in the 
current study were also in agreement with the Bazolli et al. (2015) study.  
 
Fecal Microbial Populations 
 The gastrointestinal microbiome is a metabolically active organ that is inextricably linked 
to the hosts’ health that can be influenced by substrates derived from dietary components 
(Wernimont et al., 2020). An extensive symbiotic relationship exists between the host and the 
microbiome. The host provides infrastructure to the microbiome with regulated oxygen and 
temperature, substrates for the organisms, and protects the organisms through pathogen defense; 
the microbiota aids the host through influence of immune and inflammatory response, in addition 
to releasing nutrients and metabolites (Tizard and Jones, 2017; Wernimont et al., 2020). 
Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria were the major phyla 
observed in the microbiota of the three experimental diets, with no differences seen amongst all 
treatments. These findings agree with Deng and Swanson (2015) and Hoffman et al., (2016) who 
reported the dominant microbial phyla in dogs consisting of Bacteroidetes, Firmicutes, 
Fusobacteria, Proteobacteria, and Actinobacteria. The current study determined relative 
abundance of 17.0% - 17.9% Bacteroidetes, 45.7% - 52.2% Firmicutes, 25.2% - 40.0% 
Fusobacteria, and 4.9% - 5.4% for Proteobacteria for all three diets. These are consistent with 
previous literature that reported ranges of 12.4% - 47.7% Firmicutes, 6.2% - 34% Bacteroidetes, 
and 3.6% - 16.6% Fusobacteria (Suchodolski et al., 2008; Xenoulis et al., 2008; Suchodolski et 
al., 2009; Middelbos et al., 2010). However, previous literature has reported varied percentages 
for Proteobacteria 28.4% - 46.7% (Xenoulis et al., 2008; Suchodolski et al., 2009). While others 
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have reported similar Proteobacteria percentages to the current study, 1.4% - 7% (Suchodolski et 
al., 2008; Middelbos et al., 2010).  
The major families in the microbiota of the fecal samples of dogs fed the three experimental 
diets consisted of Fusobacteriaceae (25.2% - 30.9%), Lachnospiraceae (18.8% - 20.7%), 
Peptostreptococcaceae (10.2% - 13.1%), and Bacteroidaceae (11.0% - 12.8%). This is consistent 
with previous research that found percentages of 11.2% Bacteroidaceae and 5.39% - 17.4% 
Fusobacteriaceae, while Peptostreptococcaceae was higher with a percentage of 33.1% 
(Suchodolski et al., 2009; Bermingham et al., 2010). This was expected as these four families are 
all located in the major phyla groups determined in this study (Song et al., 2013). 
Erysipelotrichaceae and Family XIII were the only families affected by dietary treatment. Dogs 
fed the corn diet had the greatest relative abundance of Erysipelotrichaceae compared with RSH 
diet. Relative abundance of Family XIII in feces of dogs fed the WSH diet was greater compared 
with RSH diet. This agrees with Bermingham et al. (2017) who found a negative correlation with 
fat digestibility and a positive correlation with dietary fat content in regards to Erysipelotrichaceae 
(3.5%), which is consistent with the current study. The dietary fat content of the corn diet was not 
different from the RSH diet, but the RSH diet had a numerically greater AHF digestibility 
compared with the corn diet. As Family XIII is a bacterial lipolytic enzyme family (Rao et al., 
2013), the reasoning for the differences seen in the current study can be attested to a similar 
explanation as the differences seen in Erysipelotrichaceae. The WSH diet had a numerically 
greater dietary fat content compared with the RSH diet, but the RSH had a numerically greater 
AHF digestibility compared to WSH diet.  
Of the 26 predominant genera, Bacteroides (11.0% - 12.8%), unidentified Lachnospiraceae 
(8.0% – 9.3%), Peptoclostridium (8.6% - 11.0%), and Fusobacterium (25.2% – 30.9%) 
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represented the most abundant microbial taxa in feces of dogs fed either corn, RSH, or WSH. 
Previous literature agrees with the current study stating the predominant genera include 
Bacteroides and Fusobacterium (Davis et al., 1977; Suchodolski et al., 2008; Hooda et al., 2012), 
with Bermingham et al. (2010) reporting relative abundances of 11.2% for Bacteroides and 12.9% 
for Fusobacterium. Zheng et al. (2018) found an increased relative abundance of Peptoclostridium 
in dogs infected with canine parvovirus. However, our dogs remained healthy throughout the study 
with no negative stool quality or illness observed. Peptoclostridium is a commensal organism 
while the animal is healthy, but when the host is stressed or immune-compromised, the organism 
can become pathogenic and worsen the hosts’ health (Zheng et al., 2018). 
 The results of the current study suggest that there were no negative effects of 30% inclusion 
of any carbohydrate source. Differences between the current study and other studies may be due 
to the type of sequencing method, age, breed, sex, and diet fed (Deng and Swanson, 2015; 
Wernimont et al., 2020). 
 
Nitrogen-Corrected True Metabolizable Energy and Amino Acid Digestibility  
 The TMEn values for the extruded companion animal diets were calculated by accounting 
for endogenous energy loss and higher nitrogen losses that occur in fasted birds when compared 
with fed birds (Reilly et al., 2020). By correcting for these losses, a more accurate measurement 
of TME can be obtained. The TMEn values in conventional roosters fed the experimental diets in 
Experiment 2 agreed well with the assumed ME values used to calculate the ME of the diets in 
Experiment 1. The WSH diet had a TMEn and a calculated ME of 4.407 and 4.42 kcal/g DM, 
respectively, while the RSH diet had a TMEn of 4.469 kcal/g DM and a calculated ME of 4.35 
kcal/g DM. The corn diet TMEn was 4.327 kcal/g DM and had a calculated ME of 4.32 kcal/g DM. 
 
 68 
The increase in TMEn value for the RSH diet fed to conventional roosters compared with 
cecectomized roosters could be due to the fermentation of the diet occurring in the ceca of the 
intact birds leading to increased utilization. 
 As the use of fecal samples to calculate AA digestibility is inaccurate due to microbial 
fermentation in the large intestine and ileal-cannulated dogs are not feasible, alternative models to 
calculate AA digestibility need to be used. The use of cecectomized roosters via the precision-fed 
rooster assay is less time-consuming and expensive than ileally cannulated dogs and has been 
shown to be an acceptable model for canine in vivo digestibility. Johnson et al. (1998) directly 
compared the results of ileal-cannulated dogs with cecectomized roosters with similar results 
occurring between the two models. By removing the ceca, digestibility estimates can be made 
without the microbial fermentation of protein impacting results.  
 For Experiment 3, digestibility for all three diets were not different, with only three AA 
being at or less than 80% digestibility and only one of these three is essential, lysine. Cysteine had 
the lowest digestibility of all AA with values. While some AA digestibility values were below 
80%, the diets contained 44 - 45% CP which is approximately 2.5x the AAFCO (2018) 
recommended value for adult maintenance for dogs; thus, there was a very low chance of any AA 
deficiencies. All three diets used in the current study had comparable or higher digestibility for all 
AA compared with the values of the control poultry meal diet when fed to ileal-cannulated dogs 
(Zuo et al., 1996).  
CONCLUSIONS 
 Overall, the data herein demonstrate that diets formulated with up to 30% of the WSH or 
RSH varieties used in this study did not negatively affect ATTD of macronutrients or cause any 
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signs of gastrointestinal discomfort or intolerance. Coefficients of nutrient digestibility were 
comparable with premium commercial canine diets, and within expected range for extruded canine 
diets. Fecal concentrations of SCFA (e.g., acetate, propionate, and butyrate) indicate that WSH 
and RSH diets yielded comparable or similar hindgut fermentation to that observed from a corn 
diet in dogs.   
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TABLES AND FIGURES 
Table 3.1: Ingredient composition of diets containing different carbohydrate sources for adult 
canines. 
 Treatments1 
Ingredient, % as-fed basis Corn WSH RSH 
Corn 30.00 -- -- 
White sorghum2 -- 30.00 -- 
Red sorghum2 -- -- 30.00 
Poultry by-product meal 56.83 56.83 56.83 
Corn gluten meal 6.09 6.09 6.09 
Beet pulp 4.06 4.06 4.06 
Sodium chloride 0.91 0.91 0.91 
Potassium chloride 0.71 0.71 0.71 
Choline chloride 0.51 0.51 0.51 
Mineral premix3 0.30 0.30 0.30 
Vitamin Premix3 0.30 0.30 0.30 
Myco-Curb4 0.20 0.20 0.20 
Naturox Plus4 0.08 0.08 0.08 
1WSH =white sorghum; RSH = red sorghum. 
2United Sorghum Checkoff Program. 
3Minerals provided per kg diet: 17.4 mg manganese (MnSO4), 284.3 mg iron (FeSO4), 17.2 mg 
copper (CuSO4), 2.2 mg cobalt (CoSO4), 166.3 mg zinc (ZnSO4), 7.5 mg iodine (KI), and 0.2 
mg selenium (Na2SeO3). Vitamins provided per kg diet: 11,000 IU vitamin A Acetate; 900 IU 
vitamin D3; 57.5 IU vitamin E Acetate; 0.6 mg vitamin K; 7.6 mg thiamine HCl; 11.9 mg 
riboflavin; 18.5 mg pantothenic acid; 93.2 mg niacin; 6.6 mg pyridoxine HCl; 12.4 mg biotin; 
1,142.1 μg folic acid; 164.9 μg vitamin B12, 0.1% mannitol. 
4Myco-Curb = mold inhibitor (Kemin; Des Moines, IA); Naturox Plus = mixed-tocopherol 
antioxidant (Kemin; Des Moines, IA).  
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Table 3.2. Analyzed chemical composition of raw grains (DMB).1  
 Ingredient1 
Proximate analysis  Raw corn Raw WSH Raw RSH 
Dry matter (%) 88.4 88.3 89.6 
Organic matter (%) 98.6 98.5 98.3 
Ash (%) 1.4 1.5 1.7 
Crude protein (%) 9.1 9.4 11.5 
Acid hydrolyzed fat (%) 4.9 3.6 4.3 
Gross energy (kcal/g) 4.39 4.38 4.45 
Total dietary fiber (%) 13.9 12.5 15.9 
Insoluble fiber (%) 11.0 9.4 13.1 
Soluble fiber (%) 2.8 3.1 2.8 
1DMB = dry matter basis; WSH = white sorghum; RSH = red sorghum.  
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Table 3.3: Analyzed chemical composition of diets containing different carbohydrate sources for 
adult canines.  
 Treatments1 
Item Corn WSH RSH 
Dry matter, % 94.2 94.1 94.9 
 ----- % DM2 basis ----- 
Organic matter 89.7 89.9 89.5 
Ash 10.3 10.1 10.6 
Acid hydrolyzed fat 18.0 18.9 18.1 
Crude protein 45.0 44.7 44.2 
Total dietary fiber 13.3 14.2 13.6 
Soluble dietary fiber 4.1 5.7 4.7 
Insoluble dietary fiber 9.2 8.5 8.9 
Gross energy, kcal/g 5.34 5.36 5.32 
1WSH = white sorghum; RSH = red sorghum. 
2DM = dry matter.  
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Table 3.3 (cont.): Analyzed chemical composition of diets containing different carbohydrate 
sources for adult canines.  
 Treatments1 
Amino acids %, as-fed basis Corn WSH RSH 
Essential    
Arginine  2.7 2.7 2.5 
Histidine 0.9 0.9 0.9 
Isoleucine 1.8 1.8 1.7 
Leucine 3.5 3.6 3.5 
Lysine 2.5 2.5 2.4 
Methionine 0.8 0.8 0.8 
Phenylalanine 1.9 1.9 1.8 
Threonine 1.6 1.6 1.6 
Tryptophan 0.4 0.4 0.4 
Valine 2.1 2.1 2.0 
Non-Essential     
Alanine 2.9 2.9 2.9 
Aspartate 3.4 3.4 3.2 
Glutamate 5.7 5.9 5.7 
Glycine 3.6 3.4 3.4 
Proline 2.8 2.7 2.7 
Serine 1.6 1.6 1.5 
Tyrosine 1.4 1.5 1.4 
1WSH = white sorghum; RSH = red sorghum.  
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Table 3.4: Food intake, fecal characteristics, and total tract apparent macronutrient digestibility 
by adult dogs fed diets containing different carbohydrate sources. 
  Treatments1  
Item Corn WSH RSH SEM2 
Food intake, g/d (DMB) 162.6 157.9 168.2 7.85 
Fecal output, g/d (as-is) 81.2a 69.7b 81.8a 4.85 
Fecal output, g/d (DMB) 30.2 26.1 29.8 1.54 
Fecal score 2.5 2.6 2.4 0.10 
     
Digestibility, %     
     Dry matter 81.3 83.1 82.3 0.91 
 -----% DM3 basis ----- 
     Organic matter 86.7 88.2 87.5 0.68 
     Acid hydrolyzed fat 94.3 94.6 95.1 0.42 
     Crude protein 87.3 88.1 87.9 0.65 
     Total dietary fiber 52.1b 62.7a 57.8ab 2.30 
Metabolizable energy, kcal/g 4.32 4.42 4.35 0.04 
1WSH = white sorghum; RSH = red sorghum. 
2Standard error of the mean. 
3DM = dry matter. 
abMeans within a row with no common superscript letter are different (P < 0.05).  
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Table 3.5: Fecal fermentative-end products for adult dogs fed diets containing different 
carbohydrate sources. 
 Treatments2  
Item, μmole/g DM1 Corn WSH RSH SEM3 
Fecal pH 6.2 6.2 6.2 0.05 
Ammonia  137.6 140.4 138.0 9.99 
Total phenols/indoles 3.9 3.5 3.8 0.46 
     Phenols 0.5 0.6 1.0 0.31 
     Indoles 3.4 2.9 2.8 0.33 
Total short-chain fatty acids 405.2b 405.7b 490.6a 37.11 
     Acetate 255.3ab 246.7b 315.5a 26.74 
     Propionate  105.8 108.2 121.4 8.38 
     Butyrate 44.1 50.8 53.7 4.76 
Total branched-chain fatty acids 24.7 22.5 20.7 1.69 
     Isobutyrate 9.8 8.8 8.1 0.68 
     Isovalerate 13.9 12.9 12.0 0.97 
     Valerate 1.0 0.7 0.6 0.12 
1DM = dry matter, all values except fecal pH expressed as μmole/g DM. 
2WSH = white sorghum; RSH = red sorghum.  
3Standard error of the mean. 
abMeans within a row with no common superscript letter are significantly different (P < 0.05).  
 
 76 
Table 3.6: Fasted serum metabolite concentrations for adult dogs fed diets containing different 
carbohydrate sources. 
  Treatments1  
Item  
Reference 
Range Corn WSH RSH SEM2 
Creatinine, mg/dL 0.5 - 1.5 0.56 0.57 0.54 0.0198 
Blood urea nitrogen, mg/dL 6 - 30 15.44 16.33 16.44 0.7590 
Total protein, g/dL 5.1 - 7.0 6.09 6.16 6.07 0.0761 
Albumin, g/dL 2.5 - 3.8 3.33 3.36 3.28 0.0816 
Globulin, g/dL 2.7 - 4.4 2.76 2.80 2.79 0.0532 
Calcium, mg/dL 7.6 - 11.4 10.19 10.19 10.13 0.1130 
Phosphorus, mg/dL 2.7 - 5.2 3.98 4.12 4.30 0.1445 
Sodium, mmol/L 141 - 152 146.00 145.11 145.67 0.5221 
Potassium, mmol/L 3.9 - 5.5 4.32 4.43 4.36 0.0787 
Sodium/potassium ratio 28 - 36 33.78 32.78 33.67 0.6351 
Chloride, mmol/L 107 - 118 110.67 110.00 110.33 0.6086 
Glucose, mg/dL 68 - 126 94.33 93.22 92.11 2.9427 
Alkaline phosphatase total, U/L 7 - 92 24.78 26.22 29.89 3.8562 
Corticosteroid-induced alkaline 
phosphatase, U/L 
0 - 40 8.89 9.00 11.67 3.2934 
Alanine aminotransferase, U/L 8 - 65 36.89 40.89 38.44 5.8174 
Gamma-glutamyl transferase, U/L 0 - 7 4.44 4.56 4.43 0.4736 
Total bilirubin, mg/dL 0.1 - 0.3 0.18 0.19 0.17 0.0143 
Creatine kinase, U/L  26 - 310 143.78 122.56 103.78 24.833 
Cholesterol total, mg/dL 129 - 297 209.89 209.78 212.44 13.253 
Triglycerides, mg/dL 35 - 154 54.44 65.11 61.33 4.2454 
Bicarbonate (TCO2), mmol/L 16 - 24 23.00 22.22 23.00 0.3159 
Anion gap 8 - 25 16.56 17.33 16.67 0.4725 
1WSH = white sorghum; RSH = red sorghum. 
2Standard error of the mean. 
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Table 3.7: Fecal microbial relative abundance (%, total sequences) of predominant genera of 
adult dogs fed diets containing different carbohydrate sources.1 
  Treatments1  
Phylum %, total sequences2  Corn WSH RSH SEM3 
Bacteroidetes      
 Bacteroides 11.0 11.6 12.8 1.33 
 Alloprevotella 2.2 2.2 1.9 0.47 
 Prevotella 9 1.3 1.0 0.9 0.41 
 Prevotellaceae GA6A1 1.0 1.4 1.5 0.28 
Firmicutes      
 Clostridium sensu-stricto 1 1.0 0.2 0.9 0.45 
 Family XIII (family) 1.0 1.1 0.5 0.31 
 Blautia 3.0 3.0 3.2 0.32 
 Lachnoclostridium 0.9 1.2 1.1 0.33 
 Lachnospira 0.8 1.0 1.3 0.31 
 Ruminococcus gnavus  1.5 1.0 1.4 0.33 
 Ruminococcus torques 3.5 3.1 4.2 0.35 
 Lachnospiraceae (unidentified) 9.3 8.5 8.0 0.88 
 Peptoclostridium 11.0 8.6 8.9 1.40 
1WSH = white sorghum; RSH = red sorghum. 
2Genera with relative abundance >1% is presented. 
3Standard error of the mean.  
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Table 3.7 (cont.): Fecal microbial relative abundance (%, total sequences) of predominant 
genera of adult dogs fed diets containing different carbohydrate sources.1 
  Treatments1  
Phylum %, total sequences2  Corn WSH RSH SEM3 
Firmicutes      
 Romboutsia 2.0 1.5 2.1 0.38 
 Faecalibacterium 2.0 1.9 2.5 0.37 
 Fournierella 1.0 0.9 0.7 0.21 
 Negativibacillus 0.9 1.0 0.6 0.30 
 Allobaculum 2.2 1.9 1.4 0.48 
 Erysipelatoclostridium 1.2 1.4 1.9 0.36 
 Turicibacter 1.0 0.7 0.4 0.28 
 Erysipelotrichaceae, 
uncultured 
1.1 0.6 0.4 0.34 
 Phascolarctobacterium 1.5 1.4 1.2 0.26 
Fusobacteria      
 Fusobacterium 25.2 31.0 30.0 3.08 
Proteobacteria      
 Anaerobiospirillum 1.6 2.5 1.8 0.43 
 Parasutterella 1.3 1.2 1.3 0.63 
 Sutterella 1.9 1.5 2.0 0.25 
1WSH = white sorghum; RSH = red sorghum. 
2Genera with relative abundance >1% is presented. 
3Standard error of the mean.  
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Table 3.8: Effects of dog diet on nitrogen-corrected true metabolizable energy (TMEn) in a 




TMEn in conventional 
roosters (kcal/g dry matter) 
TMEn in cecectomized roosters 
(kcal/g dry matter) 
Corn diet 4.327ab 4.352ab 
White sorghum diet 4.407ab 4.429ab 
Red sorghum diet 4.469a 4.298b 
Standard error of the mean  0.048 
 P-value 
Grain 0.289 
Bird type 0.312 
Grain*Bird  0.091 
1Values represent least squares means of 4 roosters per dietary treatment.  
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Table 3.9: Effects of dog diet on standardized amino acid digestibility values (%) in a precision-
fed rooster assay, Experiment 2.1   
 
Item, % as-fed basis Diet2  
Amino acid Corn WSH RSH SEM2 
Essential amino acids     
Arginine 89.8 89.1 88.2 1.03 
Histidine 84.4 82.5 80.5 1.49 
Isoleucine 84.8 83.9 83.7 1.25 
Leucine 88.3 88.1 87.8 1.00 
Lysine 80.1 77.1 75.7 2.34 
Methionine 88.4 87.5 87.4 0.96 
Phenylalanine 86.2 86.2 85.4 1.10 
Threonine 85.2 83.3 83.1 1.42 
Tryptophan 96.5 96.3 95.0 0.79 
Valine 83.4 82.1 81.9 1.37 
Non-essential amino acids     
Alanine 86.6 85.2 85.0 1.33 
Aspartate 79.4 75.2 75.0 1.81 
Cysteine  70.4 69.2 68.3 3.32 
Glutamate  87.4 86.1 85.8 1.19 
Proline 85.8 84.5 83.1 1.56 
Serine 83.6 82.1 80.8 1.76 
Tyrosine 85.3 84.2 83.5 1.49 
1Values represent means of 4 cecectomized roosters per treatment.  
2WSH = white sorghum, RSH = red sorghum, SEM = standard error of the mean.  
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Figure 3.1: Bray-Curtis dissimilarity analysis of fecal microbiota of adult dogs fed diets 
containing different carbohydrate sources.1 
 
 
1Red dots = corn diet (control), blue dots = red sorghum diet, orange dots = white sorghum diet.  
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Figure 3.2a: Fecal microbial β-diversity based on unweighted UNIFRAC analysis of adult dogs 
fed diets containing different carbohydrate sources.1 
 
 
1Red dots = corn diet (control), blue dots = red sorghum diet, orange dots = white sorghum diet.  
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Figure 3.2b: Fecal microbial β-diversity based on weighted UNIFRAC analysis for adult dogs 
fed diets containing different carbohydrate sources.1 
 
 
1Red dots = corn diet (control), blue dots = red sorghum diet, orange dots = white sorghum diet.  
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Figure 3.3: Fecal microbial α-diversity based on Faith’s phylogenetic diversity of adult dogs fed 
diets containing different carbohydrate sources.1 
 
 
1C = corn diet (control), RS = red sorghum diet, WS = white sorghum diet.  
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Figure 3.4: Fecal microbial relative abundance (%, total sequences) of predominant phyla of 
adult dogs fed diets containing different carbohydrate sources.1 
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Figure 3.6: Significant bacterial family groups in feces of adult dogs fed diets containing 
different carbohydrate sources.1 
 
 
1WSH = white sorghum diet, RSH = red sorghum diet. 
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WHITE AND RED SORGHUM AS PRIMARY CARBOHYDRATE SOURCES IN 
EXTRUDED DIETS OF FELINES 
ABSTRACT  
Human interest in ancient grains replacing traditional carbohydrate sources has reached the 
pet food market, and there has been increased focus on corn- and wheat-free diets in pet foods. 
The objectives of this research were to evaluate the effect of dietary supplementation of white 
(WSH) and red (RSH) sorghum grains on gastrointestinal health of felines through the 
determination of apparent total tract macronutrient digestibility (ATTD), fecal characteristics, 
fermentative end-products, and microbiota, in comparison with a traditional corn-based diet. We 
hypothesize that the inclusion of the RSH and WSH, respectively, will be well accepted by cats, 
and the RSH and WSH diets will be comparable to rice or corn when added as the main 
carbohydrate source in extruded diets for cats. Three diets containing 30% corn, 30% WSH, or 
30% RSH were formulated to meet or exceed the Association of American Feed Control Officials 
(AAFCO; 2018) nutrient profiles for cats during growth. Nine male cats were randomly assigned 
to one of the 3 dietary treatments using a triplicated 3 x 3 Latin square design. Experimental periods 
consisted of 14 d (10 d of diet adaption and 4 d of total and fresh fecal collections). All diets were 
well digested by cats with food intake (dry matter basis) and fecal score being not different 
amongst all treatments. The ATTD of dry matter (DM) did not differ amongst treatments, organic 
matter (OM) was greatest (P < 0.05) for both sorghum diets (86.4%) and lowest for the corn diet 
(84.2%), crude protein (CP) was comparable among diets ranging from 84.5% to 86.6%, acid 
hydrolyzed fat (AHF) was high among diets varying between 91.4% and 92.8%, and total dietary 
fiber (TDF) was greatest (P < 0.05) for the WSH diet (56.0%) with the corn diet being lowest 
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(44.7%). Digestible energy was greatest (P < 0.05) for the WSH diet (4.66 kcal/g) and lowest for 
the corn diet (4.54 kcal/g), with the RSH diet being intermediate (4.64; P > 0.05). Fecal pH (6.3-
6.5) and most fecal metabolites did not differ among diets except for phenol/indole concentrations 
that were significantly lower (P < 0.05) in cats fed the RSH diet (1.5 µmole/g DM) than for cats 
fed the corn diet (2.1 µmole/g DM). Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria 
were the major phyla observed in the microbiota of feces of cats fed the three experimental diets, 
with no differences seen amongst all treatments. Data indicate that dietary supplementation of 
these varieties of WSH and RSH as carbohydrate sources were well tolerated by the cat. Thus, the 
varieties of sorghum used in this study are an acceptable alternative to corn in extruded diets of 
felines.  
Key words: carbohydrate, felines, gut health, microbiota, and nutrient digestibility  
INTRODUCTION 
In recent years, there has been a trend for the companion animal sector to emulate human 
food market trends (Aldrich, 2006). As such, human interest in ancient grains replacing modern 
carbohydrate sources has reached the pet food market, and there has been increased focus on corn 
and wheat-free diets in pet foods. Due to the fact that sorghum (Sorghum bicolor) is considered an 
ancient and novel grain (Longin and Würschum, 2016), and the United States is the largest 
producer of this crop (USDA-FAS, 2018), there is potential for sorghums application in companion 
animal nutrition.  
In some regions, rice (a common carbohydrate source in pet foods) can be more costly than 
sorghum (Twomey et al., 2002). Since carbohydrates can be included in diets at concentrations of 
30-60% on a DM basis (Fortes et al., 2010), formulation costs can be substantial. In the U.S., 
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sorghum has been used as an alternative ingredient in gluten-free products to replace wheat for 
human consumption (Fenster, 2003). The chemical composition of the sorghum grain (DMB) is 
similar among different varieties, being comprised mainly of starch (~75%), protein (~12%), lipids 
(~4%), crude fiber (~3%) and ash (~ 2%; Hwang et al., 2002). The phytate and tannin 
concentrations in sorghum, however, can potentially lead to inconsistent utilization and 
digestibility of this cereal grain, which has been documented when sorghum based-diets were fed 
to broilers (Selle et al., 2010). In contrast, Twomey et al. (2002), Fortes et al. (2010), and de-
Oliveira et al. (2008) found their varieties of sorghum to be an acceptable carbohydrate source for 
canines and felines. Based on these previous studies, diets containing 55.2% and 59.3% sorghum, 
respectively, resulted in no detrimental effects on nutrient digestibility or fecal score, and resulted 
in a lower post-prandial insulin response compared with dogs fed diets containing similar amounts 
of rice (52.1% and 45.66%, respectively) or corn (53.5%; Twomey et al., 2003; Carciofi et al., 
2008). Additionally, the sorghum diet resulted in a lower blood glucose concentration compared 
with a corn diet, but with a similar insulin response for both (de-Oliveira et al., 2008). 
Currently, little information is available regarding the effects of different varieties of 
sorghum as carbohydrate sources in pet foods and their impact on fecal fermentative end-products 
and microbiota of cats. Thus, the objective of this research was to evaluate the effect of dietary 
supplementation of red or white sorghum varieties in extruded diets on the gastrointestinal health 
of cats by determining apparent total tract macronutrient digestibility, fecal characteristics and 
fermentative end-products, and fecal microbiota when compared with a corn-based extruded diet. 
Our hypothesis was that these varieties of red sorghum and white sorghum would be well accepted 
by cats, and the red sorghum and white sorghum diets would be comparable to rice or corn when 
added as the main carbohydrate source in extruded diets for cats.  
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MATERIALS AND METHODS 
Animals and Experimental Design  
 All animal procedures were approved by the University of Illinois Institutional Animal 
Care and Use committee. Nine, intact, male domestic shorthaired cats (average age: 0.8 ± 0.00 yr; 
average weight: 4.5 ± 0.23 kg) were used in a triplicated 3 x 3 Latin square design. Each period 
consisted of 10 d of diet adaptation and 4 d of total fecal collection. Cats were housed in a 
temperature-controlled room in the Edward R. Madigan Laboratory at the University of Illinois at 
Urbana-Champaign. The room was kept on a 14 h light/10 h dark schedule. Cats were group-
housed except during meal times and for the duration of fecal collection periods. Cats were 
randomly assigned to one of the three experimental diets and were fed to maintain body weight 
(BW) and body condition score, which were measured weekly during each experimental period. 
Water was available ad libitum and feeding was done twice daily at 0800 and 1500. Cats had 
access to their assigned food for 2 h (0800-1000 and 1500-1700) when food refusals, if present, 
were collected and recorded. During the collection phase, cats were housed individually in cages 
(73.7 cm long x 152.4 cm wide), given the same access to food and water, and had visual contact 
with the majority of cats in the room. During collection phases, cats were allowed access to litter-
free collection boxes. The morning following the 4 d of total fecal and urine collections, blood 
draws were conducted for complete blood count (CBC) and serum metabolite analyses to assess 
health of the cats.  
 
Diets 
Three diets containing 30% corn, 30% white sorghum (WSH), or 30% red sorghum (RSH) 
were formulated to meet or exceed the AAFCO (2018) nutrient profiles for cats during growth. 
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The diets were manufactured at the Kansas State University Bioprocessing and Industrial Value-
Added Program facility (Manhattan, KS) using a single-screw extruder (Wenger X-20, Wenger 
Manufacturing, Inc., Sabetha, KS, USA). All three experimental diets had similar ingredient 
composition except for the carbohydrate source (Table 4.1). Feed refusals were recorded after 
each meal throughout the study. Metabolizable energy requirements (100 kcal/kg BW0.67) were 
used to calculate food allowance for each individual cat to maintain BW and ideal body condition 
score. When necessary, food intake was adjusted accordingly.  
 
Sample Collection 
Throughout the 4 d of total fecal collection, all feces were collected, weighed, and scored 
using the following 5-point scale: 1= hard, dry pellets; small hard mass; 2 = hard formed, remains 
firm and soft; 3 = soft, formed and moist stool, retains shape; 4 = soft, unformed stool; assumes 
shape of container; 5 = watery, liquid that can be poured. All individual fecal samples identified 
by cat and period were stored in a -20℃ freezer until chemical analyses were conducted and 
apparent total tract digestibility (ATTD) of macronutrients was determined.  
One fresh fecal sample from each cat was collected within 15 min of defecation and 
analyzed for dry matter (DM), phenols and indoles, short-chain fatty acids (SCFA), branched-
chain fatty acids (BCFA), and ammonia. The pH, fecal score, and total sample weight also were 
determined. Dry matter was measured by drying approximately 2 g of feces in duplicate in a 105°C 
forced air oven until all moisture was removed (48 h). Approximately 2 g of feces in duplicate 
were stored in plastic tubes covered in Parafilm and frozen at -20°C for subsequent indole and 
phenol analyses. Four grams of sample were stored in Nalgene bottles containing 4 mL of 2N 
hydrochloric acid and frozen at -20°C to determine SCFA, BCFA, and ammonia concentrations. 
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Fecal samples allocated for microbiota were stored in 2 mL cryovials and stored at -80oC until 
analysis. 
After overnight fasting, 4 mL of blood were collected via jugular venipuncture from each 
cat at the end of each experimental period. All cats were sedated prior to collection using 0.9 ml/kg 
of a mix of Dexmedetomidine (0.062 mg/mL), Ketamine (62.4 mg/mL), and Butorphanol (2.5 
mg/mL). Sedation was reversed by giving 0.1 mL of Atipemezole (5 mg/mL) to each cat. Blood 
samples from each cat were collected in BD Vacutainer serum separator tubes and EDTA tubes 
(Becton, Dickinson and Company, Franklin Lakes, NJ) that were used for serum metabolite and 
complete blood count analyses, respectively. These analyses were conducted by the Clinical 
Pathology Laboratory at the University of Illinois College of Veterinary Medicine (Urbana, IL). 
 
Chemical Analyses  
Fecal samples from each cat and period were pooled and dried in a 57°C oven before 
grinding in a Wiley mill (model 4, Thomas Scientific, Swedesboro, NJ) with a 10 mesh (2 mm) 
screen size and used for subsequent analyses. Dry matter (DM), organic matter (OM), and ash 
were determined for the diets and feces using the Association of Official Analytical Chemists 
(AOAC) procedure (2006; methods 934.01 and 942.05). Acid-hydrolyzed fat (AHF) of the diet 
and feces were conducted following methods of the American Association of Cereal Chemists 
(AACC, 1983; method 30-14) and Budde et al. (1952). Crude protein (CP) analysis was conducted 
by measuring total nitrogen using a LECO TruMac (Leco Corporation, St. Joseph, MI; model 630-
300-300) and following the Official Method of AOAC International (2006; method 992.15). Gross 
energy (GE) of diets and feces were measured using a Parr 6200 calorimeter (Parr Instrument 
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Company, Moline, IL). Total dietary fiber (TDF) was analyzed according to Prosky et al. (1992) 
and the Official Method of AOAC International, 2006 (Methods 985.29 and 991.43). 
 Short-chain fatty acids and BCFA concentrations were analyzed using gas chromatography 
with a glass 6’x1/4” ODx4mmID column and 10%SP1200/1%H3PO4 on 80/100 Chrom-WAW, 
Supleco packing and following the methods of Erwin et al. (1961), Supleco Inc. (1975), and 
Goodall and Byers (1978). Gas chromatography also was used to measure phenols and indoles as 
cited in Flickinger et al. (2003). Fecal ammonia concentrations were determined using gas 
chromatography according to Chaney and Marbach (1962). 
 
DNA Extraction, Amplification, Sequencing, and Bioinformatics 
Total DNA from fresh fecal samples was extracted using Mo-Bio PowerSoil kits (MO BIO 
Laboratories, Inc., Carlsbad, CA) and DNA concentration was quantified using a Qubit® 3.0 
Fluorometer (Life technologies, Grand Island, NY). Amplification of the 16S rRNA gene was 
completed using a Fluidigm Access Array (Fluidigm Corporation, South San Francisco, CA) in 
combination with Roche High Fidelity Fast Start Kit (Roche, Indianapolis, IN). The primers 515F 
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) that 
target a 252 bp-fragment of V4 region was used for amplification (primers synthesized by IDT 
Corp., Coralville, IA; Caporaso et al., 2012). Fluidigm specific primer forward (CS1) and reverse 
(CS2) tags was added according to the Fluidigm protocol. Fragment Analyzer (Advanced 
Analytics, Ames, IA) was used to confirm the quality of amplicons’ regions and sizes. A DNA 
pool was generated by combining equimolar amounts of the amplicons from each sample. The 
pooled samples were sized selected on a 2% agarose E-gel (Life technologies, Grand Island, NY) 
and extracted using Qiagen gel purification kit (Qiagen, Valencia, CA). Cleaned size-selected 
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pooled products were run on an Agilent Bioanalyzer to confirm appropriate profile and average 
size. Illumina sequencing was performed on a MiSeq using v3 reagents (Illumina Inc., San Diego, 
CA) at the W. M. Keck Center for Biotechnology at the University of Illinois. Fluidigm tags were 
removed using FASTX-Toolkit (version 0.0.14), and sequences were analyzed using QIIME 2.0, 
version 2020.6 (Caporaso et al., 2010) and DADA2 (version 1.14; Callahan et al., 2016). High 
quality (quality value ≥ 20) sequence data derived from the sequencing process were 
demultiplexed. Sequences then were clustered into operational taxonomic units (OTU) using 
opened-reference OTU picking against the SILVA 138 reference OTU database with a 97% 
similarity threshold (Quast et al., 2013). Singletons (OTUs that are observed fewer than 2 times) 
and OTUs that had less than 0.01% of the total observation were discarded. A total of 949,169 
reads were obtained, with an average of 58,392 reads (range = 31,047 – 44,759) per sample. The 
dataset was rarified to 36,130 reads for analysis of diversity and species richness. Principal 
coordinates analysis (PCoA) was performed, using both weighted and unweighted unique fraction 
metric (UniFrac) distances that measures the phylogenetic distance between sets of taxa in a 
phylogenetic tree as the fraction of the branch length of the tree, on the 97% OTU composition 
and abundance matrix (Lozupone and Knight, 2005). 
 
Statistical Analysis 
 Data were analyzed using SAS (SAS Institute, INC., version 9.4, Cary, NC) using MIXED 
model procedures. The statistical model included the fixed effect of diet and the random effect of 
animal with each cat being the experimental unit. Data normality (based on residuals) was checked 
using the UNIVARIATE procedure of SAS. All treatment least-squares means were compared 
with each other and Tukey adjustment was used to control for the Type 1 experiment-wise error. 
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P-values less than 0.05 were considered statistically different, Standard errors of the mean (SEM) 
were reported as determined from the MIXED models procedure of SAS.  
RESULTS 
Composition of Raw Grains 
Overall, the proximate analyses of the raw corn, WSH, and RSH were comparable (Table 
4.2). Dry matter content ranged from 88.3 to 89.6%, OM ranged from 98.3 to 98.6%, CP ranged 
from 9.1 to 11.5%, AHF ranged from 3.6 to 4.9%, and GE ranged from 4.38 to 4.45 kcal/g. The 
TDF concentration for the raw corn, WSH, and RSH ranged from 12.5 to 15.9%. The insoluble 
fiber concentration varied from 9.4 to 13.1%, whereas the soluble fiber concentration fluctuated 
from 2.8 to 3.1%. The primary difference among grain sources was that the RSH contained more 
CP, TDF, and insoluble fiber than the corn and WSH.  
 
Food Intake, Apparent Total Tract Digestibility of Macronutrients, and Fecal Characteristics 
All three diets were formulated targeting a similar nutrient profile and to be isonitrogenous 
and isocaloric (Table 4.1).  Analyzed chemical composition of the experimental diets revealed 
that all diets had similar composition (Table 4.3).  
 Daily food intake (DMB), fecal output g/d (as-is), and fecal score did not differ among 
treatments (Table 4.4). However, fecal output (g/d; DMB) for cats fed the RSH diet was lower (P 
< 0.05) than for the corn diet, with the WSH diet being intermediate (P > 0.05; Table 4.4). The 
ATTD of DM, CP, and AHF were not affected by treatment. Organic matter and TDF digestibility 
for cats fed WSH and RSH diets were not different from one another, but were greater (P < 0.05) 
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than for the corn diet. Digestible energy of the WSH diet was higher (P < 0.05) than for corn, with 
RSH being intermediate (P > 0.05).  
 Fecal pH and concentrations of ammonia (μmole/g DMB) and phenols did not differ among 
treatments (Table 4.5). Similarly, fecal concentrations of SCFA and BCFA did not differ among 
treatments. However, total phenols/indoles and indoles alone were higher (P < 0.05) for the corn 
treatment compared with the RSH treatment, the WSH diet was intermediate (P > 0.05; Table 
4.5).     
 Serum metabolite profiles of cats fed diets containing WSH, RSH, or corn were mostly 
within reference ranges for healthy cats and did not differ among treatments, except for calcium 
which was highest (P < 0.05) for WSH and lowest for RSH, corn was intermediate (Table 4.6). 
Metabolites in excess of the reference range (i.e., glucose and phosphorus) might be due to the 
administration of the sedative, and were not affected by treatment. Likewise, CBC results were 
normal among all cats and did not differ among dietary treatments (data not shown).   
 
 Fecal Microbial Populations 
Beta-diversity based on unweighted (Fig. 4.1a) and weighted (Fig. 4.1b) UniFrac distances 
and alpha-diversity did not differ in feces of cats fed corn, WSH, or RSH (Fig. 4.2). A total of 6 
bacterial phyla were observed with Firmicutes, Bacteroidetes, Fusobacteria, and Proteobacteria 
being the most predominant phyla, comprising more than 90% of all sequences (Fig. 4.3).  
Twenty-one bacterial families were observed, accounting for approximately 96% of all sequences. 
The most predominant taxa were Prevotellaceae (Bacteroidetes), Lachnospiraceae (Firmicutes), 
Ruminococcaceae (Firmuctes), Peptostreptococcaceae (Firmicutes), Bacteroidaceae 
(Bacteroidetes), Erysiplotrichaceae (Firmuctes) and Fusobacteriaceae (Fusobacteria), accounting 
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for approximately 70 % of all sequences (Fig. 4.4). Only Ruminococcaceae (Firmicutes) was 
different (P < 0.05) amongst the three dietary treatments (Fig. 4.5). Cats fed the corn (9.3%) and 
RSH (8.9%) diets had greater (P < 0.05) relative abundance of Ruminococcaceae compared with 
cats fed the WSH diet (7.5%). Overall, the relative abundance of fecal microbial taxonomic 
populations of cats fed corn, WSH, and RSH was not altered, which is in agreement with minor 
changes observed in fecal concentration of metabolites derived from microbial fermentation in the 
feline hindgut. 
DISCUSSION 
Grain Composition   
The compositions of the raw grains were comparable and agree well with previous 
literature (Bednar et al., 2001; Murray et al. 2001; Hwang et al., 2002; NRC, 2012; Beloshapka et 
al., 2016). The current study corn and sorghum values were in strong agreement with the values 
determined by the Bazolli et al. (2015) study who determined values on a DMB for their maize 
and sorghum of 88.3% and 88.8% DM, 1.2% and 1.4% ash, 9.1% and 10.2% CP, 6.3% and 3.8% 
fat, and 11.2% and 12.6% TDF, respectively.  
Minor differences were determined amongst the three grains. Of the three grains, the raw 
RSH was approximately 2 percentage units greater in CP than either the raw corn or the raw WSH. 
Additionally, raw RSH also was approximately 2-3 percentage units greater in TDF than either of 
the other two grains. The increase in CP for RSH was expected as RSH traditionally has more CP 
compared with white varieties. The current study CP values for RSH and WSH agree with previous 
research that reported values of 13.4% and 9.8% for red and white sorghum, respectively (Selle et 
al., 2014). The TDF concentrations of the RSH and WSH were analyzed in the current study while 
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Selle et al. (2014) measured crude fiber content. However, both the current study and Selle et al. 
(2014) reported greater fiber content for red sorghum compared with white.  
 
Apparent Total Tract Digestibility 
 The sorghum diets in the current study had greater ATTD values compared with de-
Oliveira et al. (2008) study which determined ATTD values for their sorghum diet when fed to 
cats of 76.3% for DM, 80.0% for OM, 80.6% for CP, and 83.3% for AHF. The ATTD of the corn 
diet in the current study was comparable to the values determined in the de-Oliveira et al. (2008) 
study for their corn diet values of 78.5% for DM, 82.5% for OM, 83.2% for CP. The current study 
determined higher ATTD of TDF for the corn and both sorghum diets compared with de-Oliveira 
et al. (2008), and contrary to current study, the sorghum diet TDF digestibility was not different 
than the corn diet TDF digestibility (de-Oliveira et al., 2008).  
 Information about feline digestibility of energy and nutrients is scarce, for that reason 
comparisons of other feline diets incorporating different carbohydrate sources are warranted. The 
current study found comparable results to Thiess et al. (2004) that fed a high carbohydrate diet 
(40.3%) to male cats with ATTD values of 84.5% for DM, 86.0% for OM, 82.0% for CP, and 
95.3% for crude fat. The carbohydrate source in Thiess et al. (2004) was steamed polenta, and its 
ATTD agreed well with the ATTD of the corn diet used in the current study, as well as both 
sorghum diets. While the fat extraction method varied from the current study, it is still applicable 
to showing that high fat (> 90%) ATTD is observed in feline nutrition.  
 Asaro et al. (2017) determined the ATTD in three different commercial diets with 
ingredients that had different glycemic responses. The medium glycemic response diet contained 
corn and whole grain sorghum as the carbohydrate sources. The ATTD of the diet was similar to 
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the current study diets with values of 86.2% for DM, 89.5% for OM, 87.3% for CP, and 95.4% for 
fat. The 8-percentage unit increase in DM ATTD compared with the corn diet in the current study 
could be attested to the inclusion of whole grain sorghum in the medium glycemic response diet, 
as the current study saw a significant increase in OM ATTD for both sorghum diets compared with 
corn. Asaro et al. (2017) obtained a digestible energy (DE) concentration (4.75 kcal/g) that was 
similar to the current study values. 
 Barry et al. (2012) fed a diet consisting of 27.8% brewer’s rice and found ATTD values 
that were similar to the current study (81.4% for DM, 84.4% for OM, 84.2% for CP, and 95.7% 
for AHF). The ammonia level of 110.0 μmole/g DM agreed with the current study values 
regardless of dietary treatment. Both the pH (6.7) and fecal score (2.7) were elevated compared 
with the current study. Additionally, total SCFA values were smaller 246.7 μmole/g DM compared 
with the current study values (Barry et al., 2012). This could be due to the lower fiber content of 
brewer’s rice and greater ATTD compared with corn and sorghum. The total BCFA concentration 
(31.3 μmole/g DM) from Barry et al. (2012) agreed with the current study with the strongest 
agreement being observed with the WSH diet.  
 
Fecal Microbial Populations 
 The gastrointestinal microbiome, which is becoming recognized as a metabolically active 
organ, of cats has been increasingly recognized as being associated with pet health (Wernimont et 
al., 2020). The gastrointestinal tract of animals and humans is the primary microbial habitat and 
has a profound impact on their host (Deng and Swanson, 2014). Previously, most microbiome 
research centered on the characterizations of altered composition in diseased states; however, 
mounting evidence of dietary components impacting allergies, oral health, diabetes, and weight 
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management through gut microbiome changes is becoming clearer (Wernimont et al., 2020). The 
age, sex, breed, amount and form of food, health status, and composition of diet can all influence 
the GIT microbiome (Hang et al., 2012; Deng and Swanson, 2014).  
 The gastrointestinal microbiota of cats has been reported as similar to dogs (Hoffman et 
al., 2016), the dominant microbial phyla in both consisting of Bacteroidetes, Firmicutes, 
Fusobacteria, Proteobacteria, and Actinobacteria (Handl et al., 2011; Deng and Swanson, 2015). 
However, others have reported that the feline microbiota is more varied and diverse in 
composition, and this variation can be attested to adaption of the microbiome to different diets 
(omnivorous for canine, carnivorous for feline; Wernimont et al., 2020). Kanakupt et al. (2011) 
determined Bacteroidetes (36.1%), Firmicutes (36.3%), Proteobacteria (12.4%), and 
Actinobacteria (7.7%) to be dominate phyla in their feline fecal samples in adult cats fed an 
extruded diet containing rice and corn as the main carbohydrate sources. At 42 weeks of age 
(similar aged cats were used in the current study), the relative abundance of major phyla for felines 
consisted of 11.8% Actinobacteria, 34.7% Bacteroidetes, 36.1% Firmicutes, and 11.4% 
Proteobacteria (Deusch et al., 2015). The most predominant phyla for 16 week-old cats fed a 
moderate carbohydrate (40.4% dried potato product) and moderate protein (30.8% chicken meal) 
extruded diet was Firmicutes (71.0%) (Hooda et al., 2013). The predominant phyla reported by 
Kanakupt et al. (2011), Deusch et al. (2015), and Hooda et al. (2013) are in agreement with the 
current study, Bacteriodetes (26.0 – 27.6%), Firmicutes (54.3 – 58.0%), and Proteobacteria (5.5 
– 6.4%). However, the current study had greater levels of Fusobacteria (5.2 -7.8%) compared with 
Actinobacteria (1.6 – 2.7%). 
 Ritchie et al. (2008) found the major bacterial families in the feces consisted of 
Bacteroidaceae, Porphyromonadaceae, Prevotellaceae, and Rikenellaceae in cats fed an extruded 
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commercial diet. Bacteroidaceae, Eubacteriaceae, Clostridiaceae, Streptococcacceae, and 
Lactobacillaceae have also been reported as dominant families in feline fecal samples by Itoh et 
al. (1984) and Rochus et al. (2014). In the present study, Bacteroidaceae and Prevotellaceae also 
were predominant families among cats fed corn, WSH, or RSH. However, other predominant 
families Lachnospiraceae, Peptostreptococcaceae, Erysiplotrichaceae, and Fusobacteriaceae 
were also prevalent and at a higher relative abundance compared with previous research. The 
current study relative abundance of Ruminococcaceae (7.5 – 9.3%) was in agreement with Hooda 
et al. (2013) who determined a relative abundance of 7.16%. The increase (P < 0.05) in relative 
abundance for Ruminococcaceae for cats fed the corn and RSH diets compared with the WSH diet 
could be due to greater fiber and carbohydrate substrates reaching the hindgut of cats fed those 
diets. Ruminococcaceae are able to process a wide range of substrates from glucose and cellobiose 
to cellulose and hemicellulose (Biddle et al., 2013).  
The differences between the current study and previous studies may have been due to diets 
being fed, breed of cats used, stage of life, and sequencing methods and bioinformatics analysis 
used. 
CONCLUSIONS 
 The data demonstrate that diets formulated with up to 30% of WSH or RSH are well 
tolerated by cats, without negatively affecting macronutrient ATTD or resulting in signs of 
gastrointestinal discomfort or intolerance. Overall, coefficients of digestibility for the nutrients 
were high and comparable to premium extruded commercial feline diets. Fecal concentrations of 
SCFA (e.g., acetate, propionate, and butyrate) indicate that WSH and RSH diets had comparable 
saccharolytic hindgut fermentation as the corn diet.   
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TABLES AND FIGURES 
Table 4.1: Ingredient composition of treatments containing different carbohydrate sources for 
adult cats. 
 Treatments1 
Ingredient, % as-fed basis Corn WSH RSH 
Corn 30.00 -- -- 
White sorghum2 -- 30.00 -- 
Red sorghum2 -- -- 30.00 
Poultry by-product meal 56.83 56.83 56.83 
Corn gluten meal 6.09 6.09 6.09 
Beet pulp 4.06 4.06 4.06 
Sodium chloride 0.91 0.91 0.91 
Potassium chloride 0.71 0.71 0.71 
Choline chloride 0.51 0.51 0.51 
Mineral premix3 0.30 0.30 0.30 
Vitamin Premix3 0.30 0.30 0.30 
Myco-Curb4 0.20 0.20 0.20 
Naturox Plus4 0.08 0.08 0.08 
1WSH =white sorghum; RSH = red sorghum. 
2United Sorghum Checkoff Program. 
3Minerals provided per kg diet: 17.4 mg manganese (MnSO4), 284.3 mg iron (FeSO4), 17.2 mg 
copper (CuSO4), 2.2 mg cobalt (CoSO4), 166.3 mg zinc (ZnSO4), 7.5 mg iodine (KI), and 0.2 
mg selenium (Na2SeO3). Vitamins provided per kg diet: 11,000 IU vitamin A Acetate; 900 IU 
vitamin D3; 57.5 IU vitamin E Acetate; 0.6 mg vitamin K; 7.6 mg thiamine HCl; 11.9 mg 
riboflavin; 18.5 mg pantothenic acid; 93.2 mg niacin; 6.6 mg pyridoxine HCl; 12.4 mg biotin; 
1,142.1 μg folic acid; 164.9 μg vitamin B12, 0.1% mannitol. 
4Myco-Curb = mold inhibitor (Kemin; Des Moines, IA); Naturox Plus = mixed-tocopherol 
antioxidant (Kemin; Des Moines, IA). 
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Table 4.2. Analyzed chemical composition of raw grains (DMB).1  
 
 Ingredient1 
Proximate analysis  Raw corn Raw WSH Raw RSH 
Dry matter (%) 88.4 88.3 89.6 
Organic matter (%) 98.6 98.5 98.3 
Ash (%) 1.4 1.5 1.7 
Crude protein (%) 9.1 9.4 11.5 
Acid hydrolyzed fat (%) 4.9 3.6 4.3 
Gross energy (kcal/g) 4.39 4.38 4.45 
Total dietary fiber (%) 13.9 12.5 15.9 
Insoluble fiber (%) 11.0 9.4 13.1 
Soluble fiber (%) 2.8 3.1 2.8 
1DMB = dry matter basis; WSH = white sorghum; RSH = red sorghum.  
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Table 4.3: Analyzed chemical composition of diets containing different carbohydrate sources for 
cats.  
 Treatments1 
Item Corn WSH RSH 
Dry matter, % 94.2 94.1 94.2 
 ----- % DM2 basis ----- 
Organic matter 89.7 89.9 89.5 
Ash 10.3 10.1 10.6 
Acid hydrolyzed fat 18.0 18.9 18.1 
Crude protein 45.0 44.7 44.2 
Total dietary fiber 13.3 14.2 13.6 
Soluble dietary fiber 4.1 5.7 4.7 
Insoluble dietary fiber 9.2 8.5 8.9 
Gross energy, kcal/g 5.34 5.36 5.32 
1WSH = white sorghum; RSH = red sorghum. 
2DM = dry matter.  
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Table 4.3 (cont.): Analyzed chemical composition of diets containing different carbohydrate 
sources for adult cats.  
 Treatments1 
Amino acids, % as-fed basis Corn WSH RSH 
Essential    
Arginine  2.7 2.7 2.5 
Histidine 0.9 0.9 0.9 
Isoleucine 1.8 1.8 1.7 
Leucine 3.5 3.6 3.5 
Lysine 2.5 2.5 2.4 
Methionine 0.8 0.8 0.8 
Phenylalanine 1.9 1.9 1.8 
Threonine 1.6 1.6 1.6 
Tryptophan 0.4 0.4 0.4 
Valine 2.1 2.1 2.0 
Taurine 0.4 0.4 0.4 
Non-essential     
Alanine 2.9 2.9 2.9 
Aspartate 3.4 3.4 3.2 
Glutamate 5.7 5.9 5.7 
Glycine 3.6 3.4 3.4 
Proline 2.8 2.7 2.7 
Serine 1.6 1.6 1.5 
Tyrosine 1.4 1.5 1.4 
1WSH = white sorghum; RSH = red sorghum.  
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Table 4.4: Food intake, fecal characteristics, and total tract apparent macronutrient digestibility 
of cats fed diets containing different carbohydrate sources.  
 Treatments1  
Item Corn WSH RSH SEM2 
Food intake, g/d (DMB) 74.3 73.9 74.1 0.92 
Fecal output, g/d (as-is) 44.5 40.6 40.7 2.11 
Fecal output, g/d (DMB) 16.1a 14.0ab 14.0b 0.62 
Fecal score 2.4 2.5 2.3 0.09 
     
Digestibility, %     
     Dry matter 78.3 81.0 81.1 0.88 
 -----% DM1 basis ----- 
     Organic matter 84.2b 86.4a 86.4a 0.67 
     Acid hydrolyzed fat 91.4 92.8 92.8 0.48 
     Crude protein 84.5 86.0 86.6 0.73 
     Total dietary fiber 44.7b 56.0a 53.2a 2.25 
Digestible energy, kcal/g 4.54b 4.66a 4.64ab 0.03 
1DM = dry matter; WSH = white sorghum; RSH = red sorghum. 
2Standard error of the mean. 
abMeans within a row with no common superscript letter are different (P < 0.05).  
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Table 4.5: Fecal fermentative-end products for cats fed diets containing differnt carbohydrate 
sources. 
 Treatments2  
Item, μmole/g DM1 Corn WSH RSH SEM3 
Fecal pH 6.5 6.3 6.3 0.13 
Ammonia  114.6 127.4 129.1 8.46 
Total phenols/indoles 2.1a 1.9ab 1.5b 0.14 
     Phenols 0.0 0.0 0.0 0.03 
     Indoles 2.1a 1.9ab 1.5b 0.13 
Total short-chain fatty acids 364.0 359.3 404.0 35.32 
     Acetate 236.6 231.6 263.4 25.31 
     Propionate  89.8 82.9 94.8 8.22 
     Butyrate 37.7 44.8 45.8 3.56 
Total branched-chain fatty acids 25.8 27.9 30.1 2.35 
     Isobutyrate 5.9 5.8 6.5 0.44 
     Isovalerate 8.3 8.6 9.2 0.68 
     Valerate 11.6 13.5 14.4 1.62 
1DM = dry matter, all values except fecal pH expressed as μmole/g DM. 
2WSH = white sorghum; RSH = red sorghum. 
3Standard error of the mean. 
abMeans within a row with no common superscript letter are different (P < 0.05).  
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Table 4.6: Fasted serum metabolite profiles for cats fed diets containing differnt carbohydrate 
sources. 
  Treatments1  
Item  
Reference 
Range Corn WSH RSH SEM2 
Creatinine, mg/dL 0.4-1.6 1.41 1.50 1.50 0.069 
Blood urea nitrogen, mg/dL 18-38 23.56 24.44 24.11 0.809 
Total protein, g/dL 5.8-8.0 6.24 6.36 6.23 0.091 
Albumin, g/dL 2.8-4.1 3.34 3.38 3.37 0.045 
Globulin, g/dL 2.6-5.1 2.90 2.98 2.87 0.082 
Albumin/globulin, g/dL 0.6-1.1 1.16 1.13 1.18 0.042 
Calcium, mg/dL 8.8-10.2 9.30ab 9.44a 9.24b 0.075 
Phosphorus, mg/dL 3.2-5.3 5.81 5.90 5.83 0.149 
Sodium, mmol/L 145-157 149.00 149.22 149.56 0.332 
Potassium, mmol/L 3.6-5.3 4.32 4.32 4.27 0.085 
Sodium/potassium ratio 28-36 34.56 34.67 35.22 0.719 
Chloride, mmol/L 109-126 115.33 115.22 115.56 0.440 
Glucose, mg/dL 60-122 143.00 133.78 146.67 10.448 
Alkaline phosphatase total, U/L 10-85 52.78 57.00 53.56 3.770 
Alanine aminotransferase, U/L 14-71 47.44 49.22 49.56 4.036 
Gamma-glutamyl transferase, U/L 0-3 0.33 0.00 0.22 0.128 
Total bilirubin, mg/dL 0.0-0.3 0.11 0.11 0.11 0.011 
Creatine kinase, U/L  10-250 233.11 311.22 321.67 37.279 
Cholesterol total, mg/dL 66-160 129.44 134.56 117.67 10.286 
Triglycerides, mg/dL 21-166 38.33 40.22 37.00 3.720 
Bicarbonate (TCO2), mmol/L 12-21 19.33 19.11 19.33 0.311 
Anion gap 10-27 18.56 19.22 18.89 0.539 
1WSH = white sorghum; RSH = red sorghum. 
2Standard error of the mean. 
abMeans within a row with no common superscript letter are different (P < 0.05). 
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Figure 4.1a: Fecal microbial β-diversity based on unweighted UNIFRAC analysis of cats fed 
diets containing different carbohydrate sources.1 
1Red dots = corn diet (control), blue dots = red sorghum diet, orange dots = white sorghum diet.  
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Figure 4.1b: Fecal microbial β-diversity based on weighted UNIFRAC analysis for cats fed diets 
containing different carbohydrate sources.1 
 
 
1Red dots = corn diet (control), blue dots = red sorghum diet, orange dots = white sorghum diet.  
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Figure 4.2: Fecal microbial α-diversity based on Faith’s phylogenetic diversity of cats fed diets 
containing different carbohydrate sources.1 
 
 
1C = corn diet (control), RS = red sorghum diet, WS = white sorghum diet.  
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Figure 4.3: Fecal microbial relative abundance (%, total sequences) of predominant phyla of cats 
fed diets containing different carbohydrate sources.1 
 
 























Figure 4.4: Family fecal microbial relative abundance (%, total sequences) of cats fed diets 
containing different carbohydrate sources.1 
 








































1CON = corn diet (control), WSH = white sorghum diet, RSH = red sorghum diet. 
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EFFECTS OF EXTRUSION OF CORN AND SORGHUM ON TRUE 
METABOLIZABLE ENERGY AND AMINO ACID DIGESTIBILITY IN PRECISION-
FED ROOSTERS, AND ON GROWTH PERFORMANCE OF BROILER CHICKS  
ABSTRACT  
The aims of this study were to determine the energy value of raw grains [corn, red sorghum 
(RSH), white sorghum (WSH)] in comparison with the energy values of the same grains post-
extrusion. We hypothesized that extrusion of the cereal grains increase amino acid digestibility 
and nitrogen-corrected true metabolizable energy content in roosters in Experiment 1, as well as 
body weight gain and feed efficiency of broiler chicks in Experiment 2. Conventional and 
cecectomized roosters were precision-fed up to 30 g of either raw or extruded grains, then placed 
in individual cages with a tray underneath to quantitatively collect excreta for 48 h. Nitrogen-
corrected true metabolizable energy did not significantly differ among corn in either bird type, 
RSH in cecectomized roosters, and WSH in conventional roosters, but extrusion increased (P < 
0.05) nitrogen-corrected true metabolizable energy of RSH in conventional roosters and WSH in 
cecectomized roosters. Extrusion increased (P < 0.05) digestibility of several amino acids in WSH. 
In addition to the rooster assay, a 14 d chick growth assay was conducted using Ross 308 male 
broiler chicks. The experimental diets consisted of inclusion of (62%) raw and extruded corn, 
WSH, and RSH. Body weight gain of chicks fed raw WSH or raw RSH was lower (P < 0.05) than 
weight gain of chicks fed raw corn, and extrusion had no significant effect on body weight gain. 
Feed efficiency of chicks fed raw WSH was lower (P < 0.05) than for chicks fed raw corn, and 
extrusion decreased (P < 0.05) feed efficiency for chicks fed corn and RSH. In conclusion, results 
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of this study indicated that the nutritional value of corn was higher than that of WSH and RSH for 
broiler chicks, and that extrusion had no consistent effect on nitrogen-corrected true metabolizable 
energy or amino acid digestibility in roosters or on growth performance of broiler chicks. 
Keywords: broiler chicks, carbohydrates, extrusion, precision-fed roosters, sorghum 
 
INTRODUCTION 
Sorghum has traditionally been viewed as an inferior grain for use in poultry production 
due to its occasional or consistently yielding sub-par growth performance when compared with 
wheat or corn-based diets (Selle et al., 2014). This may be due, at least in part, to the majority of 
poultry diets being steam-pelleted (McCuistion et al., 2019). Sorghum protein is susceptible to 
‘moist-heat’, which occurs during steam-pelleting, mainly because of disulphide cross-linkages 
between β- and γ- kafirin forming in the periphery of the protein bodies, which can impede 
digestion of the α-kafirin located in the center of the grain (Selle, 2011).  Selle et al. (2014) found 
that steam-pelleting red sorghum-based diets reduced protein solubility from 59% to 
approximately 40%, while steam-pelleting white sorghum-based diets decreased protein solubility 
from 48% to 37%. Other considerations in feeding sorghum diets include various anti-nutritional 
properties such as phytate, non-tannin phenolic compounds, and tannin content of the grain, all of 
which can lead to inconsistent utilization of dietary nutrients by the bird (Selle et al., 2010).  
Additionally, nutrient digestion is compromised during the first week of life of a broiler 
chick, probably due to the negative effect of anti-nutritive properties on the young bird combined 
with low amounts of digestive enzymes being produced (Thomas et al., 2008). This highlights the 
need to choose the appropriate grain source during feed formulation to achieve the greatest 
performance and nutrient digestibility possible, particularly for young poultry.  
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To optimize nutrient digestibility and animal performance, feed processing technologies, 
such as extrusion, may possibly be used to increase the nutritional availability of sorghum-based 
diets. Extrusion utilizes high thermal temperatures and shear forces over a relatively short amount 
of time (Rodrigues et al., 2016). The extrusion process facilitates starch gelatinization, partially 
denatures protein and amino acid structures, sterilizes feed and ingredients as they exit the extruder 
barrel, and deactivates some anti-nutritional factors (Rahman et al., 2015). All of these potential 
benefits can lead to increased feed intake and increased nutrient digestibility, which may lead to 
potentially superior feed efficiency and growth. The objective of these studies was to test the 
hypothesis that extrusion of cereal grains will increase amino acid digestibility and nitrogen-
corrected true metabolizable energy (TMEn) content in roosters in Experiment 1, as well as body 
weight gain and feed efficiency of broiler chicks in Experiment 2.  
MATERIALS AND METHODS 
The protocols used in conducting these experiments were approved by the Institutional 
Animal Care and Use Committee.  
 
Experimental Design and Procedures 
 Experiment 1 was conducted using the precision-fed rooster assay to determine the TMEn 
in both conventional and cecectomized roosters and standardized amino acid digestibility in 
cecectomized roosters with 4 roosters per treatment following the methodology of Parsons et al. 
(1982) and Sibbald (1979). The test samples consisted of raw corn, raw white sorghum (WSH), 
raw red sorghum (RSH) and the same grains processed through a twin-screw extruder, resulting 
in a 2 x 2 x 3 treatment arrangement, with processing (raw or extruded), bird type (conventional 
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or cecectomized), and cereal grain type (corn, WSH, RSH) as the main factors. Additionally, a 3 
x 2 treatment arrangement for amino acid digestibility was used, with grains (corn, WSH, RSH) 
and processing method (raw or extruded) being the main effects. The conventional and 
cecectomized roosters were precision-fed up to 30 g of one of the six grains (3 raw grains and 3 
extruded grains) with 4 roosters per treatment. In this experiment, the experimental ingredients 
and diets were tube-fed to adult Single Comb White Leghorn roosters following the general 
guidelines of Parsons et al. (1982), Parsons (1985), and Sibbald and Wolynetz (1986). The housing 
for the roosters consisted of an environmentally controlled room with a 16 h light and 8 h dark 
cycle in individual cages with wire floors. The roosters were fasted for 26 h prior to feeding to 
ensure that their digestive tracts were empty. They then were tube-fed and returned to their 
individual cages. Excreta (feces + urine) were quantitatively collected for 48 h on plastic trays 
located underneath the cages.  
 The sorghum varieties were commercially produced and obtained from United Sorghum 
Checkoff Program. The extrusion process was conducted at the Grain Science and Industry 
Bioprocessing and Industrial Value Added Products Innovation Center (BIVAP) at Kansas State 
University (Manhattan, KS, USA), using a twin-screw extruder (Wenger TX-52, Wenger 
Manufacturing, Inc., Sabetha, KS, USA).  
 Experiment 2 consisted of a broiler chick growth assay with a 3 x 2 treatment arrangement 
with grain type (corn, WSH, RSH) and processing (raw or extruded) being the main effects. A 
total of 6 diets were formulated to contain approximately 62% of a cereal grain either raw or 
extruded. The raw corn diet was used as the control (Table 5.1). The raw and extruded grain 
varieties consisted of the same ones used in Experiment 1. All diets were formulated according to 
Ross 308 diet specifications (Aviagen, 2012). The apparent metabolizable energy (AMEn) for the 
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control raw corn diet was intentionally kept low in attempt to magnify the effects of the test 
ingredients on growth performance.  
 Male Ross 308 broiler chicks were purchased from a commercial hatchery (Hoover’s 
Hatchery, Rudd, IA). The housing for the chicks consisted of an environmentally controlled room 
with a 24 h light cycle with heated Petersime battery brooders and the birds had ad libitum access 
to water and a nutritionally complete common chick starter diet from 0 to 6 d of age. Prior to the 
start of the trial at 7 d of age, the chicks were fasted for 12 h overnight and weighed individually. 
Once the chicks were weighed, those closest to the mean of the weight distribution were selected 
and individually wing-banded. The wing-banded chicks were allotted to treatment groups so that 
the initial average body weight, 149.1 g, was equalized across all treatments. The treatment 
replicate groups consisted of 4 chicks per pen in a completely randomized design with 8 replicate 
groups per dietary treatment. Chicks were allowed ad libitum access to feed. On 21 d of age post-
hatch, the chicks were again weighed individually. Body weight gain, total feed intake, and feed 
efficiency then were calculated. Feed efficiency, expressed as g of body weight gain per kg of diet 
consumed, was calculated using the ratio of body weight gain to feed intake. 
 
Chemical Analyses 
 Following the excreta collection after 48 h in Experiments 1 and 2, the excreta were frozen, 
freeze-dried, weighed, and ground in a coffee grinder. Subsamples of the ground excreta and raw 
and extruded grains were analyzed according to procedures of the Association of Official 
Analytical Chemists International (AOAC International, 2006). The excreta and raw and extruded 
grains were analyzed for gross energy (GE) at the University of Illinois using an adiabatic bomb 
calorimeter (Model 6200, Parr Instruments, Moline, IL) that had been standardized with benzoic 
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acid. Dry matter (DM), organic matter (OM), and ash were analyzed (AOAC International 2006; 
methods 934.01 and 942.05). Crude protein (CP) content of the raw and extruded grains and 
excreta were calculated from Leco (TruMac N, Leco Corporation, St. Joseph, MI) total nitrogen 
values (AOAC International 2006; method 992.15). Total lipid content of the raw and extruded 
grains was determined by acid hydrolysis (AHF) followed by ether extraction according to the 
methods of the American Association of Cereal Chemists (1983) and Budde (1952). The total 
dietary fiber (TDF) concentrations of the raw and extruded grains was determined according to 
Prosky et al. (1992) and the Official Method of AOAC International, 2006 (Methods 985.29 and 
991.43). Experiment 2 excreta and diet samples were analyzed for total nitrogen values and amino 
acids (AA) conducted by Experiment Station Chemical Laboratories, University of Missouri-
Columbia (AOAC Official Method 982.30). Bulk density of the raw and extruded grains was 
conducted using the mass of each individual grain divided by the volume of the measuring 
container (150 mL beaker).   
  
Statistical Analyses 
 Each experiment was analyzed individually using the ANOVA procedures of SAS (SAS 
Institute, INC., version 9.4, Cary, NC). The experimental units in Experiments 1 were the 
individually caged roosters, and the experimental units in Experiment 2 were the pens of 4 chicks. 
Experiment 1 was analyzed as a 3 x 2 x 2 factorial for TMEn and as a 3 x 2 factorial for AA 
digestibility. Experiment 2 was analyzed as a 3 x 2 factorial. Differences among treatment means 
in each respective experiment were determined using the Fisher-protected least significant 




Composition of Feedstuffs 
 Overall, the proximate analyses of the extruded and raw corn, WSH, and RSH were similar 
(Table 5.2). Dry matter content ranged from 88.3 to 89.8%, OM ranged from 98.3 to 98.6%, CP 
ranged from 9.1 to 11.8%, AHF ranged from 3.3 to 4.9%, and GE ranged from 4.36 to 4.47 kcal/g. 
The TDF concentration for the raw and extruded corn, WSH, and RSH ranged from 11.0 to 15.9%. 
The insoluble fiber concentration varied from 7.5 to 13.1%, whereas the soluble fiber 
concentration fluctuated from 2.0 to 3.5%. The primary difference among grain sources was that 
the RSH contained more CP, TDF, and insoluble fiber than the corn and WSH. The TDF content 
was decreased by extrusion for all the grain sources. Extrusion processing also affected bulk 
density of these ingredients. Extruded corn and extruded RSH were more dense (0.8 and 0.8 g/cm3, 
respectively) in contrast to their raw counterparts that had a bulk density of 0.61 and 0.71 g/cm3, 
respectively. Extruded WSH density was not different from the raw WSH. The amino acid 
composition of the raw and extruded grains was similar within grain type. The raw and extruded 
RSH generally had the highest amino acid percentages as expected due to the high CP percentage 
of both the raw and extruded RSH.  
 
Experiment 1 
 Experiment 1 results are shown in Table 5.3. The TMEn of the extruded RSH (3.992 kcal/g, 
DMB) was greater (P < 0.05) than for the extruded corn (3.791 kcal/g, DMB), extruded WSH 
(3.869 kcal/g, DMB) and raw RSH (3.850 kcal/g, DMB), but was not different (P > 0.05) than raw 
corn (3.907 kcal/g, DMB) and raw WSH (3.887 kcal/g, DMB) when fed to conventional birds. For 
the cecectomized birds, the TMEn was greater (P < 0.05) for extruded WSH (3.990 kcal/g, DMB) 
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than raw corn (3.817 kcal/g, DMB), raw WSH (3.787 kcal/g, DMB), and raw RSH (3.827 kcal/g, 
DMB). However, the extruded WSH TMEn value did not differ (P > 0.05) from extruded corn and 
extruded RSH with values of 3.886 and 3.890 kcal/g (DMB), respectively. There was a significant 
(P < 0.05) main effect of extrusion on TMEn because extrusion generally increased TMEn, 
potentially caused by the decreased fiber content of all three grains. The 3 x 2 x 2 factorial analysis 
showed that there was a significant interaction for grain*extrusion*bird and extrusion*bird (Table 
5.3). In general, the extrusion*bird interaction indicated there was a greater effect of extrusion in 
cecectomized roosters compared with conventional roosters. The grain*extrusion*bird interaction 
occurred mainly because extrusion had a negative effect on corn in conventional roosters. Thus, 
even though there was an overall positive effect of extrusion and that positive effect was greater 
for cecectomized roosters, the negative effect of extrusion on TMEn in conventional roosters 
resulted in a significant 3-way interaction.  
In Experiment 1, the standardized AA digestibility of all grains was greater than 75% with 
the exception lysine in raw WSH and extruded RSH (56.3 and 71.4%, respectively; Table 5.4). 
Increased variability was seen with lysine digestibility indicated by the larger SEM. Additionally, 
raw WSH digestibility values for arginine, histidine, lysine, methionine, threonine, and tryptophan 
(values of 83.0, 79.3, 56.3, 81.9, 80.9, and 87.0%, respectively) were all lower (P < 0.05) than 
extruded WSH values, which had values of 88.2, 88.1, 77.5, 88.4, 92.3, and 93.6%, respectively. 
The raw corn digestibility for tryptophan (85.1%) also was lower (P < 0.05) compared with the 
extruded corn (91.4%). Red sorghum amino acid digestibility was not improved by extrusion with 
leucine (90.5%), alanine (89.6%), and glutamate (90.7%) being lower (P < 0.05) in the extruded 
RSH compared with the raw (95.2, 94.7, and 96.2%, respectively).  For the 3 x 2 factorial statistical 
analysis for AA digestibility, there was generally no significant main effects of grain on extrusion 
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and only methionine had a significant grain*extrusion interaction (Table 5.5). The interaction 
occurred because methionine digestibility for extruded WSH (88.4%) was greater (P < 0.05) 
compared with raw WSH (81.9%), but no differences were seen for corn or RSH due to extrusion. 
 
Experiment 2 
 The results of the broiler chick growth assay are shown in Table 5.6 and consist of body 
weight gain, feed consumption, and feed efficiency. Body weight gain observed in chicks fed raw 
corn (690.1 g/chick), extruded corn (660.8 g/chick), and extruded WSH diets (665.7 g/chick) were 
not different from one another. However, chicks fed the raw WSH (637.6 g/chick), raw RSH (623.2 
g/chick), and extruded RSH (638.8 g/chick) had lower (P < 0.05) body weight gains than those fed 
the raw corn. Feed consumption by chicks fed extruded WSH was greater (P < 0.05) than chicks 
fed all other diets, except those fed the extruded RSH. Feed intake by chicks fed the extruded RSH 
diet did not differ (P > 0.05) compared with chicks fed the raw corn (914.7 g), extruded corn (927.3 
g), and raw WSH (889.9 g) diets. Chicks fed the raw RSH diet had the lowest feed intake (847.4 
g), which was not different (P > 0.05) to values for the raw WSH diet (889.9 g).   
 Chicks fed the raw corn diet had the highest (P < 0.05) feed efficiency (754.6 g/kg). In 
contrast, chicks fed extruded WSH and extruded RSH had the lowest (P < 0.05) feed efficiency 
(683.8 g/kg and 693.3 g/kg, respectively), but were not different from values for chicks fed 
extruded corn (711.9 g/kg) and raw WSH (735.5 g/kg). Feed efficiency of chicks fed the raw RSH 
(735.5 g/kg) also did not differ (P > 0.05) from values for chicks fed the raw corn diet (754.6 g/kg), 
extruded corn (711.9 g/kg), and raw WSH (717.1 g/kg). There was a significant grain effect for 
body weight gain, feed consumption, and feed efficiency. Raw corn was greater (P < 0.05) than 
raw WSH, raw RSH, and extruded RSH for body weight gain. Raw RSH was lower (P < 0.05) 
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than all other treatments for feed consumption. Raw corn was greater (P < 0.05) than all other 
treatments besides raw RSH for feed efficiency. Only feed consumption and feed efficiency had a 
significant extrusion effect, and only feed consumption had a grain*extrusion interaction (P = 
0.052). The grain*extrusion interaction indicated that extrusion had a greater effect for both 
varieties of sorghum in regards to feed consumption compared with corn. Thus, chicks fed WSH 
and RSH diets had increased (P < 0.05) feed consumption following extrusion compared with their 
raw counterparts, while there was no difference between raw or extruded corn. Extrusion showed 
a decrease (P < 0.05) for both corn and RSH in regards to feed efficiency compared with their raw 
counterparts. Extruded WSH also was lower (P < 0.05) than raw corn or raw RSH for feed 
efficiency.  
DISCUSSION 
Grain Composition   
The compositions of the raw grains were comparable and agree well with previous 
literature (Bednar et al., 2001; Murray et al., 2001; Hwang et al., 2002; NRC, 2012; Bazolli et 
al., 2015; Beloshapka et al., 2016). Amino acid concentrations of raw corn and sorghum grains 
agreed with previous literature (Vasan et al., 2008; Beloshapka et al., 2016; Stein et al., 2016). 
The differences in AA between the raw WSH and raw RSH in the current study agreed with Liu 
et al. (2013) values for red and white variety of sorghum.  
The chemical composition of the three grains were very similar with minor differences 
seen. The differences consisted of an increased CP and TDF content for the RSH compared with 
the corn and WSH. This increase was not unexpected, as RSH traditionally has more CP 
compared with white varieties. The higher CP and fiber content of RSH in the current study is in 
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agreement with the Selle et al. (2014) study that reported values of 13.4% and 9.8% for red and 
white sorghum, respectively. Additionally, the Selle et al. (2014) study reported a greater crude 
fiber content for red sorghum (3.2%) compared with white (2.8%).  
The current study agreed with the chemical composition values Murray et al. (2001) 
reported for extruded sorghum and corn. Campelo et al. (2020) evaluated the composition of a 
raw and extruded ‘tannin-free’ sorghum with values of 14.2% and 14.0% CP, 3.1% and 1.4% 
lipid, 11.9% and 12.6% fiber, and 3.1% and 1.3% ash, respectively, on a DMB. The current 
study determined a lower CP percentage in both sorghum varieties used, a decrease in fiber 
content following extrusion, and a more moderate decrease in fat content due to extrusion, which 
disagrees with Campelo et al. (2020). The differences between studies could be attested to 
variation in grain varieties, analysis methods, and extrusion parameters between the studies.  
The chemical composition of raw and extruded corn and WSH in the current study agreed 
with the non-extruded and extruded corn and sorghum values reported by Rodriguez et al. 
(2020), however, the RSH in the current study was moderately higher in CP and AHF. Rodriguez 
et al. (2020) saw little variation in the AA composition between extruded and non-extruded corn 
and sorghum. The current study agreed with Rodriguez et al. (2020) as little variation was 
observed in AA composition between raw and extruded corn and both sorghums.  
Extrusion processing has been reported to facilitate starch gelatinization, partially 
denature protein and amino acid structures, lower fat content through fatty acid complexes with 
amylose, and increase the proportion of fiber through resistant starch formation (Robin et al., 
2012; Rahman et al., 2015; Campelo et al., 2020). However, the extrusion process in this study 
did not severely alter the composition of the raw grains. The greatest differences seen were in the 
content of TDF, all three extruded grains had a decrease in TDF by 1 – 1.5 percentage units 
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compared with the raw variety, which was the opposite of what was expected. While application 
of heat can damage proteins through Maillard reactions (Nursten, 2005), no differences were 
seen in the AA composition of the grains and the total CP percentage went up following 
extrusion. 
 
Precision-fed Rooster and Broiler Chick Assays 
 Brand et al. (1988) fed high-tannin sorghum (bird-proof sorghum) to adult roosters and 
obtained a TME value of 3.343 kcal/g DM and a value of 3.634 kcal/g DM when the sorghum 
was treated with thermal ammoniation. While the thermal ammoniation of the high-tannin 
sorghum led to a greater TME than the control high-tannin sorghum, the authors were unsure of 
the mechanisms that led to the increase. Both values are still considerably lower than those for 
red and white sorghum determined using conventional roosters in the current study. The decrease 
observed in the previous study compared with the current study could be attested to the amount 
of tannin in the sorghum. Tannin concentrations in sorghum can lead to inconsistent utilization 
and digestibility of this cereal grain, which has been documented when sorghum based-diets 
were fed to broilers (Selle et al., 2010). As tannin in the majority of contemporary sorghums 
used for animal feed in Australia and the U.S. has mostly been removed (Selle et al., 2010), we 
expect that the current varieties were tannin-free, leading to an increased metabolizable energy.  
 The current study TMEn values for the raw and extruded two sorghum varieties agree 
with the values that Sedghi et al. (2011) determined. In the latter study, when 36 sorghum 
varieties were evaluated, the mean TMEn was 3.504 kcal/g with a range of 3.003 to 3.899 kcal/g. 
Salinas et al. (2006) determined a mean TMEn value of 3.497 kcal/g with a range of 3.301 to 
3.605 kcal/g in 12 varieties of sorghum. These studies highlight how much natural variation there 
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is among sorghum varieties depending on kafirin content, tannins, phenolic compounds, and 
macronutrient composition. In the current study, no improvement in conventional TMEn was 
observed for corn and WSH through the extrusion process. However, an increase in TMEn value 
when RSH was extruded. It was anticipated that the extrusion process would increase the 
digestibility of the grains by decreasing insoluble fiber portions and increasing soluble fiber 
portions, which are more readily fermented (Gualberto et al., 1997). Extrusion decreased TDF 
content for all of the grains, including a decrease in soluble fiber content for corn and RSH. 
Reducing the proportion of insoluble fiber in RSH may have allowed greater access to the 
soluble fiber portions, explaining the increase observed in RSH. For WSH and corn, it is possible 
that the length of the exposure in the precision-fed rooster trial was insufficient for fiber 
fermentation and the birds need more adaption time to the diet to see an improvement due to 
extrusion.  
 The precision-fed rooster assay used in the current study has limitations when 
determining the AA digestibility of cereal grains. The assay is not highly accurate and precise for 
ingredients such as grains which have low amino acid concentrations because the amino acid 
intakes are so low. Additionally, the standard error of the mean values are larger than typically 
seen for high protein ingredients (Deng et al., 2016). The standardized AA digestibility values 
for both the raw and extruded grains determined in the current study were, in general, lower than 
those previously reported by Vasan et al. (2008) for cecectomized roosters. However, the values 
determined in the current study are higher than others have previously reported for cecectomized 
roosters (Gomes et al., 2010). The increase in AA digestibility observed in the Vasan et al. 
(2008) study and the decrease seen in the Gomes et al. (2010) study could be attested to variation 
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of AA analysis, differences in endogenous AA values, differences in bird age, or variations in the 
cecectomy surgery leading to microbial influence. 
 The current literature on the AA digestibility of extruded grains in poultry is limited. In 
pigs, however, Rodriguez et al. (2020) determined standardized AA digestibility in ileal-
cannulated pigs for non-extruded and extruded grain. The current study was mostly in agreement 
with the values determined by Rodriguez et al. (2020) for corn and sorghum both non-extruded 
and extruded. In the current study, although there was generally no significant main effect of 
extrusion, raw corn tryptophan digestibility was lower than extruded corn; raw WSH histidine, 
lysine, methionine, threonine, and tryptophan were lower than extruded WSH; raw RSH leucine, 
alanine, and glutamate were all higher than extruded RSH. Rodriguez et al. (2020) found the 
majority of raw corn AA digestibility values to be lower than the extruded corn, with only lysine 
and proline being not different from one another. All of the AA digestibility values for sorghum 
were not significantly affected by extrusion (Rodriguez et al., 2020).  
 Our findings of feed efficiency for the raw grains in the broiler chick assay were in strong 
agreement with Moss et al. (2020) who found values of 744.6, 717.6, and 727.5 g/kg for maize, 
red sorghum, and white sorghum, respectively. The current study shows agreement with past 
research in regards to feed consumption for corn and sorghum (Amornthewaphat et al., 2005; 
Truong et al., 2017; Moss et al., 2020). However, there has not been much research conducted on 
the inclusion of extruded grains in broiler chick diets. One study conducted by Amornthewaphat 
et al. (2005) compared corn with extruded corn in a broiler chick growth trial and determined a 
better response to extruded corn in the pelleted feed than mash in weight gain and feed 
conversion. The results of the current study agree well with the previous study for the mash diets 
where no response to extrusion was obtained. Little improvement was seen in the extruded diets 
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for any of the grains in the current study. Diets containing extruded RSH and extruded corn 
yielded lower feed efficiency compared with the raw counterparts. Additionally, the feed 
consumption of extruded WSH and extruded RSH were both higher compared with the raw 
grains. No differences were seen between extruded grains and the raw versions of the same grain 
for body weight gain. These results indicate that the extrusion process was ineffective at 
improving growth performance from 7 d to 21 d of age. 
The differences between raw WSH and RSH were negligible, both varieties were inferior 
to raw corn in terms of body weight gain. It is likely that the broilers were not able to utilize the 
sorghum diets as well as the corn diet due to sorghums increased fiber. Fiber inclusion is not 
usually desirable in poultry nutrition due to poor fiber digestibility because of the chicken’s 
relatively short gastrointestinal tract. Janssen and Carrè (1985) found a negative correlation 
between crude fiber content and macronutrient digestibility (i.e., fat and protein) in poultry diets, 
predominantly caused by fiber diluting the dietary energy and lowering the metabolizable energy 
content. However, since apparent total tract macronutrient digestibility was not conducted in the 
current study, it is difficult to determine what the cause of the decreased utilization of sorghum 
compared with corn was.  Further research is needed to determine the impacts of extrusion in 
poultry diets through the utilization of pelleted feeds, different bird ages, and on different grains.  
CONCLUSION 
 In conclusion, extrusion showed some promise in improving AA digestibility of some 
amino acids for WSH, but showed little or no improvement for the corn or RSH. Based on the 
results of the factorial analysis, extrusion treatment did lead to an improvement in overall TMEn, 
though only for red sorghum in conventional roosters and white sorghum in cecectomized 
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roosters. As cecectomized roosters are not intact, the application of these TMEn values may not 
be as reliable as conventional rooster values in practical poultry nutrition. Additionally, the 
individual TMEn for each grain showed no improvement from extrusion for corn or WSH in 
conventional roosters, indicating that extrusion was not effective in increasing metabolizable 
energy on those grains. Extrusion also was ineffective for improving grain utilization in the 
growing broiler, with reduced feed efficiency shown for all extruded grains. Further research 
needs to be done to determine if extrusion of grains is beneficial for poultry, and, if so, is it worth 




Table 5.1. Ingredient composition of the diets used in the broiler chicken growth assay, and 
calculated chemical composition of the raw corn control diet (as-fed basis), Experiment 2.  















Carbohydrate source 61.69 61.69 61.69 61.69 61.69 61.69 
Soybean meal 33.70 33.70 33.70 33.70 33.70 33.70 
Limestone  1.20 1.20 1.20 1.20 1.20 1.20 
Dicalcium phosphate 1.90 1.90 1.90 1.90 1.90 1.90 
Sodium chloride 0.46 0.46 0.46 0.46 0.46 0.46 
DL-Methionine 0.32 0.32 0.32 0.32 0.32 0.32 
L-Lysine HCl 0.23 0.23 0.23 0.23 0.23 0.23 
L- Threonine 0.08 0.08 0.08 0.08 0.08 0.08 
Choline chloride (60%) 0.07 0.07 0.07 0.07 0.07 0.07 
Vitamin premix2 0.20 0.20 0.20 0.20 0.20 0.20 




Table 5.1. (cont.) 
 
 
% unless otherwise indicated 


























1Ext. = extruded, WSH = white sorghum, RSH = red sorghum, AMEn = apparent nitrogen-
corrected metabolizable energy, CP = crude protein. 
2Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 µg; dl-α-
tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; d-Ca-pantothenate, 10 mg; 
niacin, 22 mg; and menadione sodium bisulfite complex, 2.33 mg.  
3Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4•7H2O; 
Zn, 75 mg from ZnO; Cu, 5 mg from CuSO4•5H2O; I, 0.75 mg from ethylene diamine 
dihydroiodide; and Se, 0.1 mg from Na2SeO3.  
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Table 5.2. Analyzed chemical composition of raw and extruded grains. 
 
 Ingredient1 














Dry matter (%) 88.4 89.1 88.3 89.8 89.6 88.3 
Organic matter (%) 98.6 98.6 98.5 98.5 98.3 98.4 
Ash (%) 1.4 1.4 1.5 1.5 1.7 1.6 
Crude protein (%) 9.1 9.2 9.4 9.7 11.5 11.8 
Acid hydrolyzed fat (%) 4.9 4.7 3.6 3.3 4.3 4.2 
Gross energy (kcal/g) 4.39 4.36 4.38 4.40 4.45 4.47 
Total dietary fiber (%) 13.9 12.5 12.5 11.0 15.9 14.2 
Insoluble fiber (%) 11.0 10.4 9.4 7.5 13.1 12.1 
Soluble fiber (%) 2.8 2.2 3.1 3.5 2.8 2.0 
1DM = dry matter, Ext. = extruded, WSH = white sorghum, RSH = red sorghum.
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Table 5.2 (cont.): Analyzed amino acid composition of raw and extruded grains.    















Essential amino acids       
Arginine 0.40 0.40 0.31 0.31 0.37 0.39 
Histidine 0.23 0.23 0.19 0.19 0.24 0.24 
Isoleucine 0.29 0.30 0.35 0.36 0.44 0.45 
Leucine 0.91 0.95 1.11 1.12 1.44 1.42 
Lysine 0.30 0.29 0.21 0.21 0.25 0.25 
Methionine 0.18 0.17 0.15 0.16 0.17 0.18 
Phenylalanine 0.38 0.40 0.44 0.45 0.57 0.57 
Threonine 0.29 0.29 0.28 0.28 0.34 0.35 
Tryptophan 0.06 0.08 0.07 0.07 0.08 0.06 
Valine 0.39 0.39 0.42 0.42 0.51 0.53 
Non-essential amino acids       
Alanine 0.58 0.60 0.76 0.77 0.98 0.97 
Aspartate 0.56 0.57 0.54 0.55 0.68 0.70 
Cysteine  0.18 0.18 0.17 0.17 0.19 0.19 
Glutamate  1.45 1.51 1.73 1.74 2.25 2.20 
Proline 0.64 0.68 0.68 0.68 0.87 0.83 
Serine 0.37 0.39 0.37 0.37 0.47 0.44 
Tyrosine 0.23 0.25 0.25 0.26 0.32 0.35 
1Ext. = extruded, WSH = white sorghum, RSH = red sorghum.  
 
 155 
Table 5.3: Effects of extrusion on nitrogen-corrected true metabolizable energy (TMEn) in corn 
and sorghum in a precision-fed rooster assay, Experiment 11.    





TMEn in conventional 
roosters (kcal/g dry matter)  
 
TMEn in cecectomized roosters 
(kcal/g dry matter) 
Raw corn 3.907abc 3.817c 
Extruded corn 3.791c 3.886abc 
Raw white sorghum 3.887abc 3.787c 
Extruded white sorghum 3.869bc 3.990ab 
Raw red sorghum 3.850c 3.827c 
Extruded red sorghum 3.992a 3.890abc 









1Values represent least squares means of 4 roosters per dietary treatment. 
a-c Means with no common superscript letters differ (P < 0.05).  
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Table 5.4: Effects of extrusion on grain amino acid digestibility in a precision-fed rooster assay, 
Experiment 1.1   

















Essential amino acids        
Arginine 95.2a 92.0ab 83.0c 88.2abc 90.1abc 84.9bc 2.94 
Histidine 91.7a 90.8ab 79.3c 88.1ab 86.4ab 84.0bc 2.34 
Isoleucine 85.9 87.5 82.8 88.2 89.9 84.8 2.49 
Leucine 94.3ab 93.8ab 91.4ab 94.1ab 95.2a 90.5b 1.51 
Lysine 78.5a 77.7a 56.3b 77.5a 75.8a 71.4ab 5.71 
Methionine 89.9a 91.2a 81.9c 88.4ab 89.2ab 83.6bc 1.94 
Phenylalanine 92.5 91.9 88.4 91.8 93.7 88.6 1.94 
Threonine 88.8ab 91.5ab 80.9b 92.3a 89.8ab 87.1ab 3.75 
Tryptophan 85.1c 91.4ab 87.0bc 93.6a 91.2ab 93.3a 1.77 
Valine 84.7 87.3 78.8 85.9 86.5 82.6 3.07 
Nonessential amino acids        
Alanine 92.2ab 92.3ab 90.9ab 93.6ab 94.7a 89.6b 1.69 
Aspartate 88.8ab 90.2a 82.2b 89.7ab 90.4a 85.7ab 2.67 
Cysteine  93.2a 86.0ab 78.8b 84.9ab 85.8ab 78.7b 4.62 
Glutamate  95.7a 95.3ab 92.5ab 94.8ab 96.2a 90.7b 1.58 
Proline 90.4 90.6 86.7 89.0 90.3 85.0 2.11 
Serine 93.4 91.4 85.5 90.5 91.1 84.7 3.14 
Tyrosine 87.0ab 87.4a 78.5b 84.5ab 86.9ab 83.7ab 2.95 
1Values represent means of 4 cecectomized roosters per treatment. 
2Ext. = extruded, WSH = white sorghum, RSH = red sorghum, SEM = standard error of the 
mean. 
a-cMeans within the same column having no common superscript letters differ (P < 0.05).    
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Table 5.5: Probability 3 x 2 factorial values for main effects and the interaction effect in the 
amino acid digestibility values, Experiment 1.  
Item, % as-fed basis Item 
Amino acid Grain Extrusion Grain*Extrusion 
Essential amino acids P-value 
Arginine 0.037 0.672 0.200 
Histidine 0.011 0.360 0.055 
Isoleucine 0.764 0.743 0.132 
Leucine 0.649 0.510 0.079 
Lysine 0.169 0.264 0.079 
Methionine 0.032 0.647 0.022 
Phenylalanine 0.586 0.625 0.121 
Threonine 0.646 0.228 0.195 
Tryptophan 0.105 0.003 0.382 
Valine 0.493 0.451 0.224 
Nonessential amino acids    
Alanine 0.999 0.591 0.091 
Aspartate 0.435 0.525 0.102 
Cysteine  0.193 0.479 0.279 
Glutamate  0.375 0.373 0.069 
Proline 0.340 0.616 0.203 
Serine 0.288 0.658 0.216 




Table 5.6. Effects of extrusion of carbohydrate sources on growth performance of male broiler chicks from 7 to 21 d post-hatch in 
Experiment 21.      






















914.7b 927.3b 889.9bc 973.7a 847.4c 921.8ab 15.34 0.010 <0.001 0.052 
Feed efficiency 
(g/kg) 
754.6a 711.9bc 717.1bc 683.8c 735.5ab 693.3c 11.88 0.029 0.001 0.906 
a-cMeans within the same row having no common superscripts differ (P < 0.05).          
1Values represent the least squares means. 
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EFFECTS OF EXTRUSION ON WHITE AND RED SORGHUM AS PRIMARY 
CARBOHYDRATE SOURCES IN SWINE DIETS  
ABSTRACT 
 An experiment was conducted to determine the effects of extrusion macronutrient, and 
energy digestibility of corn and two sorghum varieties, red sorghum (RSH) and white sorghum 
(WSH). The hypothesis was that extrusion would increase the digestible and metabolizable energy 
in the grains in diets for growing pigs and that the unprocessed diets would have a similar response 
to one another in regards to digestible energy and metabolizable energy values, while the extruded 
diets will have greater values compared with the unprocessed diets. Yellow dent corn, RSH, and 
WSH were ground to ~500 microns, then divided into two batches. One batch was kept raw in 
meal format and the other batch was extruded, for a total of six batches of grains. The experiment 
consisted of 48 barrows with an initial body weight of 49.7 ± 3.8 kg and allotted to a randomized 
complete block design. The grains were used to formulate six diets. Raw or extruded corn, RSH, 
or WSH were added to the diets as the only carbohydrate and main energy source. Pigs were 
housed individually in metabolism crates and feces and urine were collected separately for 4 days 
after 5 day of diet adaptation. The apparent total tract digestibility of acid hydrolyzed fat increased 
by extrusion for RSH, but not corn or WSH (interaction, P < 0.001). Extrusion increased (P < 
0.05) the diet and ingredient digestible and metabolizable energy for WSH, but not corn or RSH. 
In conclusion, the observations that extrusion increased digestibility of fat in RSH and digestible 




Keywords: carbohydrates, energy, extrusion, sorghum, swine. 
INTRODUCTION  
 Utilizing feed technologies such as extrusion, pelleting, and retorting can potentially 
increase the digestibility and bioavailability of various nutrients. With this increase in digestibility 
comes an increase in feed efficiency, potentially lowering the costs of animal production for the 
producer. Typically, sorghum-based diets for swine and poultry are steam-pelleted with high 
temperature and moisture to maintain pellet quality and ensure proper starch gelatinization (Liu et 
al., 2013). Pelleting is done to assist the handling properties of the feed by reducing dust 
production, maintaining homogeneity of diet matrix, and reducing wasted feed (Muramatsu et al., 
2015). However, sorghum is impacted negatively by ‘wet-cooking’, leading to decreased protein 
solubility and digestibility, which makes it a challenge for producers to process high-quality diets 
with the necessary pellet quality (Liu et al., 2013).  Different than pelleting, extrusion utilizes 
thermal and mechanical energy (high temperatures and shear forces) that increase gelatinization 
of starch and disrupt cell walls allowing increased access to other nutrients for the digestive 
enzymes (Rodrigues et al., 2016). Extrusion also may minimize the negative effects of the ‘moist-
heat’-influenced disulphide cross-linkages between β- and γ- kafirin formed in the periphery of 
the protein bodies which may impede digestion of the α-kafirin located in the center (Selle, 2011). 
An increase of 31% for in vitro protein solubility was observed between extruded and raw sorghum 
(Llopart et al., 2014). Furthermore, through the heat and pressure applied to feed and ingredients 
during extrusion, an increase in apparent and standardized ileal digestibility and total tract nutrient 
digestibility is expected, particularly through the elimination of certain anti-nutritional factors, 
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partial denaturation of protein, and solubilization of dietary fiber (Rodriguez et al., 2019; Rojas et 
al., 2016). 
 Extrusion can improve digestibility and availability of certain nutrients, but there is 
minimal research demonstrating how extrusion affects nutrient digestibility and bioavailability in 
swine diets. Thus, the aim was to test the hypothesis that the macronutrient digestibility and 
digestible energy (DE) and metabolizable energy (ME) values of corn, white sorghum (WSH), 
and red sorghum (RSH) in diets for growing pigs would be enhanced by extrusion. We hypothesize 
the unprocessed diets to have similar DE and ME values, while the extruded diets will have 
increased values compared with the unprocessed diets.  
MATERIALS AND METHODS 
All animal care procedures were approved by the University of Illinois Institutional Animal Care 
and Use Committee prior to animal experimentation.  
 
Animals 
A total of 48 barrows with an initial BW of 49.7 ± 3.8 kg were used. The pigs were the 
offspring of Line 359 males mated to Camborough females (PIC, Hendersonville, TN).   
 
Diets 
For the experiment, a source of corn, WSH, and RSH were ground to ~500 microns, then 
divided into two batches. One batch was kept raw in meal format and the other batch was extruded, 
for a total of 6 batches of grains. Grinding and extrusion were conducted at the Grain Science and 
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Industry Bioprocessing and Industrial Value Added Products Innovation Center (BIVAP) at 
Kansas State University (Manhattan, KS, USA) using a twin-screw extruder (Wenger TX-52, 
Sabetha, KS, USA).  
Once the grains were received at the University of Illinois, they were incorporated into 
mixed diets. Raw or extruded corn, RSH, or WSH were added to the diets as the only carbohydrate 
and main energy source (Table 6.1). Vitamins and minerals were incorporated to meet or exceed 
the requirement estimates provided by the NRC (2012).  
 
Experimental Design and Sample Collection 
The 48 barrows were randomly allocated to 1 of 6 diets in a randomized complete block 
design consisting of 6 diets and 8 replicate pigs per treatment. Pigs were individually housed in 
metabolism crates composed of a nipple waterer, a self-feeder, and a slatted floor. A screen and 
urine pan were fitted underneath the slatted floor to allow total, but separate, collection of urine 
and feces. At the beginning of the adaption period, the body weights of each pig were recorded 
with feed consumption from days 8 to 12 recorded daily. Pigs were fed their diets in amounts 
equivalent to 3.2 times their daily maintenance energy requirement (i.e., 197 kcal per kg body 
weight0.6; NRC, 2012). The amount of feed required was provided in 2 equal meals at 0800 and 
1600 h, with ad libitum access to water. Diets were provided for 12 d, with the initial 5 d being the 
adaptation period. Urine and feces were collected on days 8 through 12 following standard 
procedures using the marker to marker approach (Adeola, 2001). Nondigestible fecal markers were 
included in the morning meal of day 8 (chromic oxide) and on day 12 (ferric oxide) to mark the 
beginning and conclusion of fecal collections, respectively. Buckets for urine collection contained 
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50 mL of hydrochloric acid included as a preservative and the buckets were emptied every morning 
from days 8 through 12. Fecal samples and 20% of the collected urine were stored at -20oC 
immediately after collection. At the conclusion of the experiment, urine samples were thawed, 
mixed within animal and diet, and a sub-sample was collected before analysis. Fecal samples also 
were thawed and the samples were dried in a 50°C forced air drying oven prior to analysis. 
 
Sample Preparation and Chemical Analyses 
At the time of diet mixing, a sample of each source of grain and of each diet was 
collected. All samples were analyzed for dry matter (DM), gross energy (GE), crude protein 
(CP), organic matter (OM), total dietary fiber (TDF), insoluble fiber, soluble fiber, and acid 
hydrolyzed fat (AHF).  
 Fecal and feed samples were ground in a Wiley mill (model 4, Thomas Scientific, 
Swedesboro, NJ) through a 2-mm screen prior to analysis. Dry matter, OM, and ash were 
determined for the grains, diets, and feces using the Association of Official Analytical Chemists 
(AOAC) procedure (2006; methods 934.01 and 942.05). Acid-hydrolyzed fat of the grains, diets, 
and feces were done following methods of the American Association of Cereal Chemists 
(AACC, 1983; method 30-14) and Budde et al. (1952). Crude protein analysis was conducted by 
measuring total nitrogen using a LECO TruMac (Leco Corporation, St. Joseph, MI; model 630-
300-300) and following the Official Method of AOAC International (2006; method 992.15). 
Total dietary fiber was analyzed according to Prosky et al. (1992) and the Official Methods of 
AOAC International, 2006 (Methods 985.29 and 991.43). Gross energy of grains, diets, and 
feces were measured using a Parr 6200 calorimeter (Parr Instrument Company, Moline, IL), and 
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urine was analyzed in a similar manner, spiked with 0.5-0.75 g cellulose pellets. The digestible 
energy (DE) and metabolizable energy (ME) for each diet were calculated by subtracting the GE 
excreted in the feces and in the feces + urine, respectively, from the intake of GE (Adeola, 2001). 
The DE and ME of the experimental diets were then divided by the inclusion percentage of the 
cereal grain in the diets to calculate the DE and ME of that respective grain (Widmer et al., 
2007). The grain samples were also analyzed for total nitrogen values and amino acids (AA) 
conducted by Experiment Station Chemical Laboratories, University of Missouri-Columbia 
(AOAC Official Method 982.30).  
 
Statistical Analysis 
Data were analyzed statistically using the Proc MIXED procedure of SAS (SAS Institute 
Inc., Cary, NC).  An analysis of variance was conducted with source of grain and processing as 
main effects and pigs and periods were random effects. Data normality (based on residuals) was 
checked using the UNIVARIATE procedure of SAS. All treatment least-squares means were 
compared with each other and Tukey adjustment was used to control for the Type 1 experiment-
wise error. P-values less than 0.05 were considered significantly different, standard errors of the 
mean (SEM) were reported as determined from the MIXED models procedure of SAS. Grain 
source (corn, WSH, RSH), processing conditions (raw or extruded), and interaction between grain 





Composition of Feedstuffs 
 Overall, the proximate analyses of the extruded and raw corn, WSH, and RSH were similar 
(Table 6.2). Dry matter content ranged from 88.3 to 89.8%, OM ranged from 98.3 to 98.6%, CP 
ranged from 9.1 to 11.8%, AHF ranged from 3.3 to 4.9%, and GE ranged from 4.36 to 4.47 kcal/g. 
The TDF concentrations for the raw and extruded corn, WSH, and RSH ranged from 11.0 to 
15.9%. The insoluble fiber concentration varied from 7.5 to 13.1%, whereas the soluble fiber 
concentration fluctuated from 2.0 to 3.5%. The primary difference among grain sources was that 
the RSH contained more CP, TDF, and insoluble fiber than the corn and WSH. The TDF content 
was decreased by extrusion for all the grain sources. Extrusion processing also affected bulk 
density of these ingredients. Extruded corn and extruded RSH were more dense (0.8 and 0.8 g/cm3, 
respectively) in contrast to their raw counterparts that had a bulk density of 0.61 and 0.71 g/cm3, 
respectively. Extruded WSH density was not different from the raw WSH. The amino acid 
composition of the raw and extruded grains was comparable with the raw and extruded RSH 
having the highest percentages, as expected due to the higher CP percentage of both the raw and 
extruded RSH (Table 6.2).  
 
Experiment 1 
All 6 diets, were formulated targeting a similar nutrient profile and to be isonitrogenous 
and isocaloric (GE).  Analyzed chemical composition of the experimental diets revealed that all 
diets had similar nutrient profiles (Table 6.3). 
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The results of feed intake, fecal characteristics, and ATTD of macronutrients is presented 
in Table 6.4. The values of DE and ME of the ingredients are presented in Table 6.5. 
No differences among treatments were observed in feed intake (g/d DMB; Table 6.4). For 
fecal output (g/d DMB), there was a grain main effect (P < 0.05) where the values were highest (P 
< 0.05) for raw RSH and extruded RSH, lowest (P < 0.05) for raw WSH and extruded WSH, with 
raw corn and extruded corn being intermediate (P > 0.05; Table 6.4). There was a grain main 
effect (P < 0.001) for DM apparent total tract digestibility (ATTD) with both WSH diets being 
greater (P < 0.05) than both RSH diets. A similar grain main effect continued for OM digestibility. 
A grain main effect (P < 0.001) for CP digestibility was observed because values for WSH and 
corn were generally greater (P < 0.05) than the RSH diets. A grain main effect (P < 0.001) occurred 
for TDF digestibility, with the WSH diets being higher than the corn and RSH diets. Extrusion 
improved (P < 0.05) AHF digestibility (main effect; P < 0.0001). In addition, a grain main effect 
(P < 0.001) for AHF was due primarily because of higher digestibility values for corn versus RSH 
(Table 6.4).  
A grain*extrusion interaction (P < 0.001) occurred for the DE and ME (kcal/kg) of the 
ingredients (Table 6.5) which indicated that extrusion yielded a greater increase for WSH 
compared with RSH or corn. Extruded WSH was highest (P < 0.05) compared with all other dietary 
treatments including raw WSH. Raw corn was greater (P < 0.05) than both RSH diets, with 




Grain Composition   
The compositions of the raw grains were comparable and agree well with previous 
literature (Murray et al., 2001; Bednar et al., 2001; Hwang et al., 2002; NRC, 2012; Beloshapka 
et al., 2016). The chemical composition of the raw grains used in the current study were in strong 
agreement with the Bazolli et al. (2015) maize and sorghum values on a DMB (88.3% and 88.8% 
DM, 1.2% and 1.4% ash, 9.1% and 10.2% CP, 6.3% and 3.8% fat, and 11.2% and 12.6% TDF, 
respectively). Amino acid concentrations of raw corn and sorghum grains agreed with previous 
literature (Vasan et al., 2008; Beloshapka et al., 2016; Stein et al., 2016). The differences in AA 
between the raw WSH and raw RSH agreed with Liu et al. (2013).  
Minor differences were seen among the three raw grains. The CP content and the TDF 
content were higher in raw RSH compared with raw corn and raw WSH. As RSH has been 
reported as having a higher crude protein content compared with white varieties (Selle et al., 
2014), the increase seen in the current study was expected. The greater fiber content determined 
in the current study for the raw RSH compared with raw WSH is consistent with Selle et al. 
(2014) who also reported a greater fiber content for red sorghum compared with white, with a 
crude fiber content of 3.2% for red and 2.8% for white. 
The current study chemical composition for both extruded sorghums and the extruded 
corn were in agreement with the values determined for extruded sorghum and corn in the Murray 
et al. (2001) study. However, the current study determined a lower CP percentage in both 
extruded sorghum varieties used, a decrease in fiber content following extrusion, and a more 
moderate decrease in fat content compared with past literature. Campelo et al. (2020) evaluated 
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the composition of a raw and extruded ‘tannin-free’ sorghum with values of 14.2% and 14.0% 
CP, 3.1% and 1.4% lipid, 11.9% and 12.6% fiber, and 3.1% and 1.3% ash, respectively, on a 
DMB. The differences could be attested to variation in grain varieties, analysis methods, and 
extrusion parameters between the studies.  
With the exception of RSH CP and AHF values being slightly greater, the current study 
values for the WSH and corn were in agreement with the values determined in non-extruded and 
extruded corn and sorghum in the Rodriguez et al. (2020) study. Additionally, the current study 
saw little variation between the raw and extruded grains AA composition which is in agreement 
with Rodriguez et al. (2020).  
The extrusion process in this study did not severely alter the composition of the raw 
grains. This was unexpected as extrusion processing has been reported to facilitate starch 
gelatinization, partially denature protein and amino acid structures, lower fat content through 
fatty acid complexes with amylose, and increase the proportion of fiber through resistant starch 
formation (Robin et al., 2012; Rahman et al., 2015; Campelo et al., 2020). Minor differences 
were seen amongst the raw and extruded grains. One difference that occurred was the decrease in 
TDF content of all the extruded grains compared with the raw. No differences were seen in the 
AA composition of the grains and the total CP percentage increased following extrusion even 





Experiment 1   
 Similar values for ATTD of GE, CP, OM, and TDF of corn and sorghum were seen in 
Cervantes-Pahm et al. (2013) compared with the current study raw corn and raw RSH. Raw RSH 
and raw WSH from the current study agreed with the acid-hydrolyzed ether extract observed in 
Cervantes-Pahm et al. (2013), while our raw corn AHF digestibility disagreed with their corn fat 
digestibility value. Raw WSH had increased values for TDF digestibility compared with RSH and 
corn in the current study and compared with the Cervantes-Pahm et al. (2013) values. Navarro et 
al. (2018) ATTD values for corn agreed with the current study raw corn values, with the exception 
of ATTD of fat and TDF. The differences seen in previous studies compared with the current study 
could be attested to natural variations in the grain, pig intake and output, and different methods or 
procedures used for measurement of digestibility.  
 Differences in digestibility among grains were observed in the current study. The corn and 
WSH were digested to a greater degree for most nutrients compared with RSH. Red sorghum had 
a greater dietary fiber level which could have led to the decreased digestibility values observed. 
Some soluble fibers add to the viscosity of the intestinal digesta, negatively impacting nutrient 
digestion and absorption by the intestinal walls (Dai and Chau, 2017). With the exception of AHF 
digestibility for RSH, no improvements in ATTD were seen for the grains between the raw and 
extruded diets. The increased AHF digestibility for RSH agrees with Rodrigues et al. (2016) who 
reported increased fat digestibility due to extrusion of sorghum diets. This increase when the RSH 
diet was extruded was unexpected as extrusion can potentially lead to lipid-protein or lipid-starch 
complexes that can impair the utilization of fat (Tran et al., 2008). Further research needs to be 
done to understand the mechanisms that led to the improved AHF digestibility. Extrusion 
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temperatures and duration can have beneficial or detrimental effects on protein digestibility by 
either leading to minor denaturation and allowing digestive enzymes to be more active, thereby 
increasing digestion, or by damaging the protein structure through Maillard reactions and 
decreasing the digestibility of lysine particularly (Tran et al., 2008). However, no improvements 
or reductions in CP digestibility were seen in the current study between raw and extruded grains.  
 The current study found higher raw corn ingredient DE and ME and lower extruded corn 
ingredient DE and ME compared with Lui et al. (2016) and Rodriguez et al. (2020). Liu et al. 
(2016) and Rodriguez et al. (2020) reported increased concentrations of DE and ME for the 
ingredient when their corn was extruded, the current study did not see an improvement for corn 
when it was extruded. Raw RSH DE and ME concentrations in the current study were higher than 
the raw sorghum concentrations in Rodriguez et al. (2020) study, while the extruded RSH 
concentrations in the current study agreed with the extruded sorghum concentrations determined 
by Rodriguez et al. (2020). Raw and extruded WSH DE and ME concentrations in the current 
study were higher than previously reported (Rodriguez et al., 2020). Rodriguez et al. (2020) did 
report an increase in DE and ME concentrations of the ingredient for their sorghum post-extrusion. 
The current study agreed with Rodriguez et al. (2020), which saw an increase in DE and ME 
concentrations for the ingredient of WSH post-extrusion. However, no improvement in DE and 
ME concentrations of the ingredient were seen for RSH post-extrusion. Both raw varieties of 
sorghum used in the current study were within the range of DE values by van Barneveld et al. 
(2005), but the extruded sorghums in the current study were greater than those reported by van 
Barneveld et al. (2005). Our raw corn and raw RSH DE and ME concentrations of the ingredients 
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agreed well with Cervantes-Pahm et al. (2013) values, but our values for DE and ME of WSH 
were higher than the Cervantes-Pahm et al. (2013) reported sorghum values. 
 The Rodriguez et al. (2020) study design was the most similar to the current study, with 
grain inclusion in the diets consisting of 93.5% compared with the 97.1% inclusion in the current 
study. In the current study, no differences in DE and ME concentrations of the ingredients were 
observed between the raw versions of corn and RSH and their extruded counterparts. The lack of 
increase in DE and ME due to extrusion of corn disagrees with Rodriguez et al. (2020). In contrast, 
the DE and ME of WSH were increased by extrusion for the ingredient, which agrees with 
Rodriguez et al. (2020).   
CONCLUSION 
 In conclusion, the extrusion process did not change the composition of the grains 
significantly nor did it increase macronutrient digestibility as expected, with the exception of AHF 
digestibility for RSH. Extrusion did, however, increase the DE and ME concentrations of WSH, 
but not corn or RSH. Among the three grains, digestibility of DM, OM, AHF and CP were 
generally higher for corn and WSH than RSH and TDF digestibility for WSH was higher than for 
both corn and RSH. Thus, the WSH seems to hold potential for use in swine nutrition and the use 
of extrusion may be beneficial. Further research is needed to determine if extrusion may be 




Table 6.1. Ingredient composition (as-fed basis) of experimental diets for Experiment 1.1 
Item Corn  White sorghum  Red sorghum  
                    Extruded: - +  - +  - +  
  Corn 97.05 -  - -  - -  
  Extruded corn - 97.05  - -  - -  
  Red sorghum - -  97.10 -  - -  
  Extruded red sorghum - -  - 97.10  - -  
  White sorghum - -  - -  97.10 -  
  Extruded white sorghum - -  - -  - 97.10  
  Dicalcium phosphate 1.60 1.60  1.50 1.50  1.50 1.50  
  Limestone 0.80 0.80  0.85 0.85  0.85 0.85  
  Sodium chloride 0.40 0.40  0.40 0.40  0.40 0.40  
  Vitamin-mineral premix1 0.15 0.15  0.15 0.15  0.15 0.15  
1The vitamin-micromineral premix provided the following quantities of vitamins and micro-
minerals per kilogram of complete diet: Vitamin A as retinyl acetate, 11,128 IU; vitamin D3 as 
cholecalciferol, 2,204 IU; vitamin E as DL-alpha tocopheryl acetate, 66 IU; vitamin K as 
menadione nicotinamide bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; 
riboflavin, 6.58 mg;  pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B12, 0.03 mg; D-
pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin as nicotinamide and nicotinic acid, 
44 mg; folic acid, 1.58 mg; biotin, 0.44 mg; Cu, 10 mg as copper sulfate; Fe, 125 mg as iron 
sulfate; I, 1.26 mg as potassium iodate; Mn, 60 mg as manganese sulfate; Se, 0.3 mg as sodium 
selenite; and Zn, 100  mg as zinc oxide.  
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Table 6.2. Analyzed chemical composition of raw and extruded grains. 
 
 Ingredient1 














Dry matter (%) 88.4 89.1 88.3 89.8 89.6 88.3 
Organic matter (%) 98.6 98.6 98.5 98.5 98.3 98.4 
Ash (%) 1.4 1.4 1.5 1.5 1.7 1.6 
Crude protein (%) 9.1 9.2 9.4 9.7 11.5 11.8 
Acid hydrolyzed fat (%) 4.9 4.7 3.6 3.3 4.3 4.2 
Gross energy (kcal/g) 4.39 4.36 4.38 4.40 4.45 4.47 
Total dietary fiber (%) 13.9 12.5 12.5 11.0 15.9 14.2 
Insoluble fiber (%) 11.0 10.4 9.4 7.5 13.1 12.1 
Soluble fiber (%) 2.8 2.2 3.1 3.5 2.8 2.0 
1DM = dry matter, Ext. = extruded, WSH = white sorghum, RSH = red sorghum.  
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Table 6.2 cont.: Analyzed chemical composition of raw and extruded grains.   
  















Essential amino acids       
Arginine 0.40 0.40 0.31 0.31 0.37 0.39 
Histidine 0.23 0.23 0.19 0.19 0.24 0.24 
Isoleucine 0.29 0.30 0.35 0.36 0.44 0.45 
Leucine 0.91 0.95 1.11 1.12 1.44 1.42 
Lysine 0.30 0.29 0.21 0.21 0.25 0.25 
Methionine 0.18 0.17 0.15 0.16 0.17 0.18 
Phenylalanine 0.38 0.40 0.44 0.45 0.57 0.57 
Threonine 0.29 0.29 0.28 0.28 0.34 0.35 
Tryptophan 0.06 0.08 0.07 0.07 0.08 0.06 
Valine 0.39 0.39 0.42 0.42 0.51 0.53 
Nonessential amino acids       
Alanine 0.58 0.60 0.76 0.77 0.98 0.97 
Aspartate 0.56 0.57 0.54 0.55 0.68 0.70 
Cysteine  0.18 0.18 0.17 0.17 0.19 0.19 
Glutamate  1.45 1.51 1.73 1.74 2.25 2.20 
Proline 0.64 0.68 0.68 0.68 0.87 0.83 
Serine 0.37 0.39 0.37 0.37 0.47 0.44 
Tyrosine 0.23 0.25 0.25 0.26 0.32 0.35 
1Ext. = extruded, WSH = white sorghum, RSH = red sorghum.  
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Table 6.3: Analyzed chemical composition of diets containing select carbohydrate sources for 
swine, Experiment 1.  








Dry matter, % 88.6 88.7 89.5 89.3 89.3 88.8 
 ----- % DM1 basis ----- 
Organic matter 95.6 93.4 94.3 96.2 95.3 95.4 
Ash 4.4 6.6 5.7 3.8 4.7 4.6 
Acid hydrolyzed fat 4.9 4.7 3.7 4.0 4.5 4.5 
Crude protein 8.6 8.5 9.1 9.2 11.1 11.3 
Total dietary fiber 12.5 12.1 11.8 11.8 13.6 14.9 
Soluble dietary fiber 1.3 2.6 2.0 2.7 4.7 2.8 
Insoluble dietary fiber 11.2 9.5 9.8 9.1 8.9 12.1 
Gross energy, kcal/g 4.31 4.17 4.20 4.33 4.29 4.25 
1DM = dry matter; Ext. corn = extruded corn; WSH = white sorghum; Ext. WSH = extruded 
white sorghum; RSH = red sorghum; Ext. RSH = extruded red sorghum. 
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Table 6.4: Food intake, fecal characteristics, and total tract apparent macronutrient digestibility by swine fed diets containing 
select carbohydrate sources, Experiment 1.  




















Observations, n 8 8 8 8 8 7 -    
Feed intake, g/d (DMB) 1484.1 1475.7 1328.2 1409.1 1371.4 1428.1 86.36 0.422 0.550 0.867 
Fecal output, g/d (DMB) 114.1ab 101.2ab 79.6b 69.5b 137.3a 140.5a 12.49 <.0001 0.526 0.794 
Digestibility, %:           
     Dry matter 92.3abc 93.1ab 94.1a 95.0a 89.8c 90.4bc 0.72 <.0001 0.201 0.969 
     Organic matter 93.5ab 94.0ab 95.1a 95.8a 91.6b 91.7b 0.63 <.0001 0.378 0.886 
     Acid hydrolyzed fat 81.4a 84.8a 78.6a 86.4a 70.1b 80.7a 2.02 0.0007 <.0001 0.215 
     Crude protein 83.1ab 86.4a 83.5ab 86.8a 75.6b 74.4b 2.16 <.0001 0.323 0.509 
     Total dietary fiber 69.2c 68.3c 80.3ab 84.9a 69.7bc 73.0bc 2.58 <.0001 0.281 0.535 
1DM = dry matter; Ext. corn = extruded corn; WSH = white sorghum; Ext. WSH = extruded white 
sorghum; RSH = red sorghum; Ext. RSH = extruded red sorghum, Ext. = extrusion, SEM = standard error of the mean. 
abcMeans within the same row having no common superscripts are different (P < 0.05).  
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Table 6.5: Digestible and metabolizable energy contribution of test ingredients in diets containing select carbohydrate sources 
fed to swine.  














Ingredient:     
Digestible energy, kcal/kg 4090b 3996bc 4047bc 4231a 3934c 3920c 33.47 <.0001 0.355 0.0005 
Metabolizable energy, kcal/kg 4011ab 3878bc 3964bc 4133a 3850c 3848c 37.22 <.0001 0.702 0.0008 
1DM = dry matter; Ext. corn = extruded corn; WSH = white sorghum; Ext. WSH = extruded white 
sorghum; RSH = red sorghum; Ext. RSH = extruded red sorghum, Ext. = extrusion, SEM = standard error of the mean. 
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Starch represents approximately 40% of the total world energy intake making it the 
largest contributor of daily caloric intake for the global population (Svihus and Hervik, 2016). 
Depending on the location, wheat, rice, and corn are the traditional carbohydrate sources. Not all 
areas are able to successfully grow these grains, expanding the need for other grains to fill the 
role. Sorghum bicolor is considered highly adaptable to a variety of conditions and requires less 
fertilizers. Sorghum is more drought tolerant than other grains due to its enhanced photosynthetic 
ability, it also has improved nitrogen and water efficiency (Reddy and Reddy, 2019). There is an 
increased need to understand the digestibility and functionality of sorghum for nutrition.  
Depending on the variety of sorghum, different traits may be seen. These can consist of 
drought or chill resistance, tannin and phytate content, yield, and pest resistance (Reddy and 
Reddy, 2019). As tannin, non-tannin phenolic compounds, phytate, and karifin (the dominant 
protein fraction in sorghum) can reduce digestibility (McCuistion et al., 2019), choosing the 
appropriate sorghum variety for the intended purpose is critical. Some varieties that would be 
unfit for animal nutrition due to poor digestibility may be better suited for human or pet nutrition 
as functional ingredients for application in diets for diabetics or weight-loss.  
The current studies were conducted to obtain greater knowledge of the chemical 
composition, apparent total tract digestibility (ATTD) of macronutrients, and nutritional 
variation between red (RSH) and white sorghum (WSH). Additionally, extrusion is a versatile 
technology that can change the utilization and/or digestibility of carbohydrates, lipids, and 
proteins (Tran et al., 2008). It is a complicated process and little is known regarding the impacts 
of this technology on grains. The application of extrusion was included into the current studies to 
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determine its effects on corn and sorghum which are traditional grains and used in poultry and 
swine nutrition.  
The proximate analysis of the raw and extruded grains showed agreement among one 
another. The greatest difference among the raw grains was the greater crude protein (CP) and 
total dietary fiber (TDF) content of the RSH compared with corn and WSH. The extrusion 
process had little effect on the composition of the raw grains, with the greatest difference being 
decreased TDF content of all three raw grain varieties by 1-1.5 percentage units. 
 In our first aim, we determined that inclusion of 30% of either sorghum variety did not lead 
to any negative health effects. For the canine study, all diets were well digested by the dogs and 
apparent total tract digestibility (ATTD) for dry matter (DM), organic matter (OM), CP, and acid 
hydrolyzed fat (AHF) did not differ. Values for all those criteria were >80% and metabolizable 
energy was consistent for all dietary treatments. However, ATTD of TDF differed among diets (P 
< 0.05) with WSH diet having the highest ATTD, corn diet having the lowest, and RSH diet being 
intermediate. Most fecal metabolites (i.e., ammonia, isobutyrate, isovalerate, valerate, butyrate, 
and propionate) were not different among the three dietary treatments nor was pH or fecal score. 
However, fecal acetate and total short-chain fatty acids were greater (P < 0.05) for dogs fed RSH 
compared with WSH, with corn being intermediate. Bacteroidetes, Firmicutes, Fusobacteria, and 
Proteobacteria were the major phyla observed in the microbiota of feces of dogs fed the three 
experimental diets, with no differences seen amongst all treatments. 
For the feline study, ATTD of DM, CP, and AHF were not different amongst all three 
dietary treatments while ATTD of OM was greatest (P < 0.05) for both sorghum diets and lowest 
for corn. The ATTD of these macronutrients were all >80% showing that all three diets were 
well utilized by the cats. The ATTD of TDF was greatest (P < 0.05) for WSH diet and lowest for 
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the corn diet, and digestible energy concentrations showed a similar response. Most fecal 
metabolites were not different among the three dietary treatments, but total phenol/indole 
concentrations were lower (P < 0.05) for cats fed the RSH diet compared with cats fed the corn 
diet. Fecal score and pH were not different amongst all dietary treatments. Similar to the canine 
study, Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria were the major phyla 
observed in the microbiota of feces of cats fed the three experimental diets, with no differences 
seen amongst all treatments. 
 In our second aim, we determined that TMEn in roosters did not differ among raw corn, 
RSH, and WSH, but extrusion increased (P < 0.05) the TMEn of RSH in conventional roosters 
and WSH in cecectomized roosters. No effects of extrusion seen in the conventional birds for 
corn or WSH, suggesting the extrusion process had little or no beneficial effect on dietary energy 
utilization. The standardized amino acid digestibility of all grains was greater than 75% except 
lysine for raw WSH and extruded RSH. Extrusion increased the digestibility of arginine, 
histidine, lysine, methionine, threonine, and tryptophan in WSH and increased tryptophan 
digestibility in corn. However, extrusion decreased leucine, alanine, and glutamate in 
digestibility of RSH. The third aim consisted of incorporating 62% of raw and extruded grains 
into experimental diets for growing broiler chicks for 14 days. The results of our third aim 
showed little to no improvement in performance when the grains were extruded. Extrusion 
decreased feed efficiency for chicks fed corn and RSH. Additionally, raw WSH yielded inferior 
growth performance when compared with raw corn, and raw RSH was inferior to raw corn in 
body weight gain. Thus, the overall results indicated no beneficial effects of extruding corn or 
sorghum for poultry.  
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 Finally, in our fourth aim, an experiment was conducted to determine the effects of grain 
type and extrusion the ATTD of macronutrients and energy in pigs. Extrusion increased the 
digestibility (P < 0.05) of AHF in RSH. Extrusion also increased (P < 0.05) the digestible and 
metabolizable concentrations for WSH, with no differences seen for corn or RSH.  
This research provided a broader knowledge of the composition of a red and a white variety 
of sorghum, allowing greater ability for sorghum to be included appropriately into feed 
formulation. In addition, the research provided justification for incorporating the varieties of 
sorghum into companion animal nutrition as no detrimental effects were observed for 30% 
inclusion of either sorghum variety. Some beneficial effects were also observed, with the increased 
fecal concentration of acetate and total SCFAs in canines, increased TDF digestibility in both 
species, and greater digestible energy concentration for the feline study. The use of sorghum and 
the extrusion process on grains for poultry nutrition appears to be limited based on the results of 
the rooster and broiler chick assays. Finally, several positive effects of extrusion of WSH indicates 
potential for incorporation into swine nutrition and further research is needed to determine the 
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